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ABSTRACT 

The  purpoB«  ol'  this  InTeBtig-^tion  i&  to  ueterrlne  the 
•fftct  on  the  tesperatures  and  the  perforftanoe  pur^jLvturs   of 
the  eaaitlon  oi*  (1)^  liquid  hydrogen^  arui  (k^) ,   liquia  ■— ntila 
to  three  bipropeliant  s/steiua  ourrentl/  of  interest.  These 
bipropellcint  e/stess  aret  nitrogen  tetroxiac-h/i^rasine^ 
hydrogen  ^eraxlde->h/dra^ine,  ana  RFNA-hydr&xine, 

For  each  of  the  six  trlpropellant  syster.s  lnTestlfat«d 
the  ohaaber  teD^eratuiref  exhaust  temper.. tiire^  and  i«ii  the 
important  pATaaeters  were  oaioulateu«  These  calculations 
for  e&ch  systes  were  oarrleu  out  for  both  equilibriUB  flow 
auu  constant  cootposltion  flow  assuaptions.   All  the  results 
are  listed  in  tables  and  tne  more  isportmt  parareters  are 
preaont^ed  in  graphical  fora  aii  well. 

One  hy-^rok^en  containing  systes  anu  one  aaaonio  eon- 
taining  system  are  discusseu  in  detail,  Genenl  results 
for  .ai  sy^teDs  inoluue  the  fact  that  ti.e  largest  proportion- 
ate aecreases  aFg   observea  in  the  TarLtiox)  of  the  exhaust 
and  chamber  temperatures  wxiereas  tne  specific  Impulse  shows 
slit;ht  increases  or  i^roportionntu  uecreases  of  much  smaller 
ffi<ignitude  than  the  proportionate  decreases  in  temperitures. 

Several  new  pur.»Uieter»  are  introduced  in  an  ef:ort 
CO  mai^e  possible  the  prediction  of  performances  of  ^  tnpio- 
pellcxnt  syiitem  If  the  chamber  teit^erature  wariation  is  known, 
Tnese  parameters  may  also  be  usee  in  b.n   inaireet  manner  to 
illustrate  the  rt^xativc  merit  oi  iiquiu  l^ydrogen  anc  liquid 
ammonia  as  coolants  in  trlpropellant  systems. 
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INTRODUCTIOH 

One  or  the  ever  present  problems  in  the  aetsli^n   of 
any  iieat  engine  is  the  probieis  of  reEaoviri^  the  heat  generated 
by  the  coabustion  at  a  rate  hitih  enough  to  prevent  failure 
of  tht^  engine.   In  a  theniial  jet  or  rocket  motor  the  tempera- 
tures of  combustion  ana  rates  of  heat  transfer  are  greater 
than  in  any  other  practic  il  heat  engine.   It  is  therefore 
easy  to  understana  why  this  probleia  is  one  of  the  major 
problems  in  thermal  jet  and  rocket  motor  design. 

One  :>oluuion  to  the  probleis  is  regenerative  cooling, 
A  regenerative  cooling  system  iiiaintaiiis  the  luotor  wall  Bia- 
terial  below  its  critical  temperature  by  the  circulation 
oi"  the  fuel  or  oxidant  outside  the  motor  wall*  For  many 
pf  the  high  perfonaing  propellant  systems  this  zaethod  Is 
inadequate  and  more  effective  cooling  methods  isust  be  used 
(Cf,  Ref,  1).  Furthermore,  many  of  the  newer  fuels  ana 
oxidants  are  not  stable  enough  to  pereit  their  use  in  re* 
generative  cooling  systems. 

Theoretically  at  all  operating  temperatures,  and 
practically,  at  lo\Ter  temperatures,  it  hcis  been  shown  that 
film  or  transplraticMi  cooling  systems  have-  certain  advantages 
(Cf.  Ref,  Ji) ,   Also  it  appears  thc;.t  theoretically  such  oool<«> 
ing  tecnniques  are  applicable  to  very  hot  propellant  systeas 
over  longer  periods  of  tlBie, 

In  filE  or  transpiration  cooling,  the  coolant  moves 
against  the  flow  of  heat  tiu'ough  the  wall  material.   On  the 


hot  side  of  the  vail  tli%   coolant  cither  eTapor^te^s,  or 
takes  part  in  tin-   ch.Bber  reactiot!,  or  aoce  cocbin.tion 
of  both*  Ti  e  cLcul  ox  tun   luixing  miu,   Lue  coBtjUdtion 
(aaes  if  not  yet  known  nor  is  it  known  what  efficiency 
of  ab:>orption  of  radiant  enurity  by  a  gt^L   or  vapor  ^treaa 
Bay  be  expected. 

If  ciaeqiiato  aixin^  ^nu  complete  cheaical  reaction 
are  asdujoed,  the  aduition  as  a  fiiji  or  transpiratiofi  coolant 
of  a  properly  choben  third  component  may  haTe  certain  ue« 
sirable  effect:*  on  the  dlculateu  performance  and  adiabatle 
flauic  temperature,  Althougb  t\w   extent  to  which  the  r.^. 
suxBp Lions  are  valid  mist  be  oettincinea  ex^eriL.«ntalX>'^ 
the  theoretical  effects  on  peri'orc.nce  ani  jas  toiu].br  t^e 
are  of  ijficeQi:.te  interest  since  they  will  indie  ;ce  Hi^   ^:i-> 
rection  ana  oraer  of  Bafnituae  of  the  effects  thut  can  be 
axpeotea  (Cf,  hef.  o) • 

Although  li^uxu  water  has  oeen  seriou:aly'  coiiwi  ered 
(Cf.  hefs«  7  anu  S) ,  it  tias  been  >reYiou:.i^  i^hown  t^^t  th« 
mo3t  efiecc^Te  thira  coaponeiits  are  liquia  or  gaseous  hy* 
arogen  aiiu  liquiu  or  gaseous  aLiw^i...  (Cf«  hois^   o^  4^  6  ana 
7)  •   These  coolaritb  or  their  uisaociation  proaucts  lower 
the  ohamber  tezBper.^ture  by  aecr easing  tne  :.v^  Habits  energy 
par  pouna  of  total  propellant.   The  perforsance  aay  increase 
because  of  the  lower  average  solecular  weight  of  the  pro- 
ducts of  reaction*   If^  however,  the  performance  decre; ses 
its  proportionate  uecrease  is  always  ffuch  less  than  the 
proportionate  decrease  in  ohacber  tecper^^ture* 


For  these  reasons  the  investigation  of  six.   tri- 
propeliant  syatea^j  currently  of  interest  was  undertaken 
and  the  results  are  presented  herein.  The  systems  investi- 
gated aret  nitroitjen  tetroxide-liydrazine  \vith  liquid  hydrogen 
added,  nitrojjen  tetroxide-hydrai;ine  with  liquid  -^tmonla 
added,  hydrogen  peroxide-iiydraiiine  with  liquiu  liydro^en 
added,  hydrogen  peroxide-hydrazine  with  liquid  ammonia 
added,  RFNA-iiydra^.ine  with  liquid  hydrogen  added,  -md 
RFNA-hydrazine  with  liquid  ammonia  added » 

The  perforaanee  parameters  were  evaluated  for  each 
triproueliant  system  at  a  Eixtur©  ratio  corresponaing  to 
stoichiometric  proportions  with  respect  to  the  bipropellant 
oxidant  and  fuel,  but  with  varying  aDounti>  of  liquid  hydro- 
gen or  llquia  aB>fflonia  addea  in  excess,  Stoichioitietrlc  pro- 
portions of  the  bipropelliint  coiuponents  v/ere  chosen  aince 
the  chaiiiber  temperature  is  very  nearly  the  H<aximiiE]  value 
at  this  nsixture  ratio  ana  the  reduction  in  flajTie  tesipora- 
ture  resulting  froia  an  added  component  would  be  most  n:arked« 
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a  Nui:*b*»r  ol*  boIcj  of  ».  tur  vapor   (K  0)   In 

tie  products  r.r  r^  ction 
b  Number  of  Bol6w  oi'  hyurogea   (H^^}    in  the 

prouucts  of  reaction 
0  VULiber  of  boI^  ^j    »''>.<yl   Ion:.    (OF)    in 

the  ^rocuctd  oi   rectctioii 
a  VUi^bur  of  solos  of  ^.u^ic  b/urojcxi   (h) 

in  the  product:]  o^    a^  ^ction 
«  MuiLber   of  BoXt*^  of  ox^^K^a  (u^)    in   tliie 

prouuctft  of  reaction 
f  !iUL.ber   OL   Boxow   ui    aLv^ic   OAjjcn   (G)    in 

the  prouucts  of  re  Action 
g  NuiLOer   of  Boler.   of  nitrous   oxiue    (NO)    in 

cIac  ^ruaUct;^   of   re^cwion 
h  tftiitbor  OI  Bioiesf  of  nitroieu  (N^^)    in  the 

prouuctj   of  re  ction 
H  NUi-o  .r  oi    jjruiu  ..tui-s  ol'  x;/arogen  in  the 

ronct  nts 
N  Nui..bdr  oC  iTtLtn  c4tok.a  of  nitrogen  in   U.6 

react^nts 
0  NUiuber  o:    gr.Ci  atOL.^  of  ox/^en  in  the 

reaC  t<ints 
a^  Velocity  of  :»oujic:   cor  re  sponging  to  chaiL- 

bor  coii^itIoi4:>    (ft   sec"   ) 
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c*  Characteri.'.tic   velocity    (it   sec"") 

Cf  Tneorei^icai  tiu'UiJt  coefi'icitnt  of  nozzle 

(Cu)  Apparent  inoi^r   isobaric  heat  cvi|acii,v   of 

products  of  re.,.ction  at  e.uiiibrii^. 

chaii^ber   tei^^peruturts    (cal  l*o1~"^   ^r^   ) 
(Cy)c  Apparent  molar  iaochoric  iiL-at  c-i-ucit; 

oi'  ^roduct^   of  r«ci^ction    .t  ti.iuilibi  xul< 

ciria£.ber   Leiiiperuture   (cai  kioI*-^  ^K*"  ) 
C-j  Average  apparent  molar  isobaric  heat 

ca-paCity  cf  proQUCtj  of  re-action  auring 

their  passage   tlii'ough  nozzle 

(cul  inol"''^  °K"-^) 
C^  Averiigfc  appear ent  molar   isociioric  heat 

capacity  of  proaucts  of  reaction  uuring 

their  passci^^e  tiu'ou^^h  noz/:;le 

(cal  mol-i  ^K-^) 
E/j     \  i)trf;t:iiSionle3s  pctraaieter  equal  to 

^sp     -  '^c 

j-sp         J-c 

^(li)  Diii^ensioxilesb  pfeiruiiietfer  equ^l  to 

h     ->  Tc 

f^  Nozi^le  throat  area  (sq  in) 

F  Thrust  of  rociiet  motor  (lb) 

g  Acceleration  of  gro.vity  (arbitr^^^rily 

choaen  equal  to  o.^.*^  ft  sec*"*-^) 
h  Altituae  inaex  (tii) 


^H.^So*    AH'i'^,    utcChw^iL:  -    lii  tiKti>*ip>    of   ix.c   prouuctL   of 

per  tuTfc   (°K) 
T 

froc.  Ti    to  Tj.  with   t)jt  sy.'itttfi  in  chtrni-. 

Cal  e{Ulilbriuu  (jl  cal) 
I^^  Specifiv;  1..  ^uls«  of  propellant   (see) 

J  Mechinic.i  ti  .uivaieut  o."*  he.t   (4*1^6 

X  1  ^^  or^s  K  ctl*^) 
K]»   h^y   etc«  ^ux i. ^ u«  i.aiL  coii:> w..iiCs  for  p<irtj.v;ux«.r 

rOiCtloiis  ttXpredS«a  in  inrt^a  of  partial 

^reiisurts   of   ccr j,*o;.<3r.t5 
^ni  >   ^'11.  #    <^tc.  r^sjuaiioriut.  con^L^iits  far  pcO'Uacui.ir 

re^'.ctioiii*  «x;;re.&t;     in  tertiS  of  nuA.b«r 

of  uoles  c-f  coRponcints 
m  ToWi  wrc...^nt  of  rtir^c tints   (gb) 

a  Wuii^ht  ratu  of  flow  U^ou^h  no2Xi« 

(lb  a«c-^) 
S  Av«i-«ige  oolecular  v«i^iit  of  tliL  pro^lucts 

of  reaction  aurin<  their  phssuge  throii^h 

Hq  Aver<ig«  solecui.ir  wci|{ht  of  tt«:  products 

of  reaction  ut  t^uilibriuiL  chau.i«ir 
tecpcr^tui'6 

Hp  NuuDtsr  of  Boles  of  products  of  reaction 


n. 


Je,  „aooO^  ,te. 


A  n, ,    An  ,,    etc. 


P 


e 


''^av'    "^av      ,    etc. 


•fc 


Q^   (reacfcants) 
Qf   (pi*oduct3) 

RFNA 


R 


u 


AVfervigt,  iiUiuber  of  tioltsii  ol^  proaucts  of 

reaction  pre^t^nt  auririij   ti.elr  passage 

tJriTough  tiku  nozzle 
Muiaber   of  laoiea  ut   teapt::racure    (^K) 

Indicjited  by   superscript 
Numbt;!'  of  fiioics  of  proauctii  irdnus   the 

nui^iber  ox"  aoluii  of  react^aits  indic:ited 

in  baiancea  equiiibriui'.  equation  for 

a  particuiar  reaction 
Totdil  pressure  of  the  proauctii  of 

reaction   (.AU;i,) 
Nozi^lfc   exh<xu5t  prui^bure    (psia) 
ClTiaLiber  pressure   (psici) 

Haat  available  j^xoti  coiiipietion  of  re- 
action at  tempero-ture  (*^K)  ais  iodi- 
cateci  by  suptjracript   (k   cul) 

Cliange   in  heat  avaiiabie  between  T^ 

,.iThl     T^     (/v     Cell) 

Hoc.t  of  forri.:..tion  of   the  rtsactant:^  at 

300^  K    (k   cai) 
Heat  of   form  .tion  of   tht.   prouucts   at 

300°  K    (K   cal) 
Hea  fuujiHij  nitric  acid    (in  this   investi- 

g.ition,   nitric   aciu   vvith  6,b>&  by 

weight  i\,0^) 
Univtjriiiil  ijaii  const  ant    (X,t.b6  cai 

liiol"*^  '^K'"'^,   b..:.ib  X  iO*^  er^s  fi^ol-^  ^K"^) 


T  Absolute  ttr^erature    (^L) 

Tq  EquillbrlUL-  rh^rber  tui'perature   f*^') 

Tq  Kxhautit   t6L:^€ir«ture    (^t) 

7  Average  u&nsitjr  of  rockt^t  propeilMnt 

X  Ratio  of  iaoUuTio   to  iaochoric  he^t 

Capacity  (C./Cy) 

)^ Q  Ratio  of  apporeiit  isobiXic    to  i&ochoric 

h«at  Cop^clty   of  proaucta  of  reuction 
at  equilibriuit  ch- ;:)ber   ttjr.pcratura 

"y  Ratio  of   uTuruigi.    ..^^^    rt;i:t    i^coaric    to 

isochoric  ha«&t   c.^    :it/   of   th6  pro- 
dUiZts  of  Fi.   ctlo;.  during    tL^ir  ^assag« 
tl.i'uu^i4   tl*^   no24.iy 
p'  A  function  of  t  ^  a  by 

p^lp.  p      bVa.lUiit«a  for     r   :  Tq 

T   ^    Ig       h   ,    etc,      L;up«ri>cript  rero  inuic..tt:3  T^lue  of 


'c»    -^sp 


p^roikuter  f^r   bij.ropt:ilai*t  sy^tta. 
at  stoicliicL.ctric  iLixtuio  r  itio 


DIoCUSolOH  OF  ki^mi^TlOm  AMu  INTRODUCTION   OF   Pnhkhil^nMS 

Thti  result b   bi'  ttiis   investigation  can  bt;  better 
evaiUJitea  ymen  tht;/  £tro   consiuereu   from  tiifc  point  of  vifc%  of 
the  assui.iptioii;>   on  which  tht,y  art   uai^cvj,      Heiic ,    uefcre   the 
methoaa  of  caicuL^ting    the.  re^^ult^   are  aiscussea  aiui  ii- 
lustr^iteci,   it  is  necei>sary    to  i>et  cio^An  the  assiurjptions  iiiacle 
concerrLing   the  coabustion  .iiia  flow  conaitionb  which  must 
prt^vaii   if   the   theory   m^i  equations   used  are  to   bt   com^pitste- 
ly  vaiia. 

The  assumptions  arti  ii.;tect  below  in  the  approximate 
order   in  which  thuy  .^re  applieu  in  P^irti/  li  anu   III.     Uaiiy 
of    the  assumptions   ^:ir^  uiscui^sea   in  greattir  utjt  -ii   in   tht^se 
succeeding  sections, 

1.      First  of  ail,   it   iii   assujiied   that   the  proi.b=llants. 
react  coEjplet*ily  ana   there  is  bufficient   ticie 
for  establi^jTi^c^nt  of  equiiibrium  concentrations 
of   the  norifially  unexcite  ;   cot  pon^nts    (E>,   H.^0, 
dH>    H,    0^,    0,    riO,    N^,    N)    at   the  adiabatic   fi..i.-e 
teraperature  determinea   by  the  mass  and  heat 
balance. 
'*i^     All  rcinor  coispcnents  are   considereu   in   these 
calculations  ©jcce-pt  atouiic*  nitrogen   (N)«      Ueg^ 
lectin^   tht.^  couipo/ient  introduce^  an  erior 
which  ±3   sm.uiifcr   tii;.t.n  possibiC'  errors   in  the    ~ 
equilibriuci  con.>t.ints  which  aettriuine   the 
coj23positlon» 
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5«  Th«  «quiptirtitlon  oi*  •nergjr  ajDon^  the  electronic, 
▼ibrv^tiozk.!,  axiu  rotational  •n«rgjr  lerels  Is  injt^zv- 
tan«oii9,  both  in  the  chADber  and  In  the  nozile  ex* 
pAn^ioo  proc«»s«:»  for  Hm   constant  coiiposition  and 
equilibrium  flow  cotuiitions  assur<«<i. 

4,  TUa  gA^   Bixture  coaposition,  ^hJ^,  -.uu   qJ^ 
are  asbuaea  to  be  linear  over  te«peratur«  rtko^ms 
of  one  hunurea  degrees  KelTin. 

5,  For  calculation  of  the  ctiaracteriitic  Telocityf  th« 
ratio  of  specific  beats  (  Y  )  iA  assuiMeo  to  be  the 
rhtio  of  the  specific  beats  at  the  equilibrlUK  chan- 
bt^r  ueaperiiture  (  ^e)*  This  w^n   caiculw.tea  on  tht: 
bmsis  of  the  enthalpy  change  oTer  the  •ne  taundreti 
degree  teBper^sture  InterT^l  nearest  the  chasber  tetw 
peraturw  at  constant  presBure^  the  chac>ber  pre^^sure. 
For  calculation  of  the  exhaust  teaperature,  a  con- 
stant average  ratio  of  specific  heats  CD      is  used. 
This  was  calcul^tea  on  Um   basis  of  the  enthalpgr 
change  during  the  aoaile  expansion  process. 

6,  The  function p<,  defined  below,  can  be  represented 
by  d  linear  function  of  ^    (Cf«  Hef,  5).  By 
definition. 

By   linear  approximation, 

p«  »  .1047  ♦  .bOiSir 
This  lineio*  approxisiation  v^s  checked  over  the  r^nge 
of  ^  encountered  in  these  c-lcul<itio:.s  aiiu  found 


to  be  equal  to  tht  Value  caiculateu  by  tha   longer 
exprtjssioa  to  ftithin  one-hair  per  ctnt» 

7.   In  the  calculations  in  which  equilibrium  flow  is 

assumed  to  b«  maintained  in  the  noz:&le  exp;in3ion  pro- 
cess, thu  gas  Bijttui'c  ccMBposition  ch^^nges  continuous- 
ly and  instantaneously  in  accoraance  with  the  tempera- 
ture and  pressure  variatioris  as  determlnea  by  the  cor- 
responaing  cha&iical  equilibriuia  constants » 

8»  In  the  Ccilculations  in  which  constant  composition 

flow  is  asiiuaeu  to  be  aaintained,  tht  gas  fixture  re--' 
aains  constant  as  the  gdses  Tlow  fronj  coiabustion 
chairiber  to  the  exhauat  atmosphere •  The   composition, 
therefore,  is  ©qu«il  to  th<r.t  at  the  adiabatic  flanie 
temperature  (Tq)  in  the  chamber. 

9,  The  chamber  pressure  (Pq)   is  taken  to  be  500  psia 
for  all  calculations  presented  here  gind  the  nozzle 
exhaust  pressure  (p^)  is  aasucjed  to  be  14,7  psia# 

10.  Steady  flow  conditions  prevail  throughout  the  nozzle. 
It  is  assu«Bed  that  sliock  disturbances  may  be  neglected 
and  th^t  the  velocity  profile  is  flat.  It  is  further 
assumea  that  one  diciensional  flow  equations  are 
valid, 

11,  Since  tae  expansion  process  is  taken  to  be  isentropic, 
entropy  changes  froia  viscous  and  friction  effects 

are  assumed  to  be  negligible, 
ld»     The  enthalpy  of  the  reaction  proaucts  is  inde- 
pendent of  the  pressure.  This  is  essenticilly 


-1. 

true   :«itic  .;»t  pru^..u:e^  In  Uie 

c  »Jlcu1   tiori..   ..r  .Ivcly   low, 

ciiai.ber  is  n«3axiglblt>  wl^n  coi.^    rod  with  tl^ir 
velocity   In   •    •    •^xlwtuijt, 

Tiiu  |>cr  I  or  ;.^iACt:  irmr^^iutil^ra  caxcu.  .tou  in  thi:>  in- 
vosti^ittion  '  ru   UiOi#«  curranti^    in  u;^<i  ««t  tx*o  Jut  Propui   ion 
i^   I'  ,  i    ^  ittiii    lf«^w^wv4u        ;'  T«C!.iiOio^jr  t    to  in 

juUtixiij  LLii  I  cx.tlve  iL6rit  oT  a  xi.(|Uiu  roc/ot  propfeii  lit 
aystcr:..  Their  aerinition:>,  tx^eryforu^  are  revicT/e.  ii«rt 
only  br-Ltri  -ijr , 

Thfc  ch-.ruCtori;#tlc  vulocity    (c»)    ^  arbi- 

tr  rily  to  raiute  c:a;»»  flo   ,   ckiar.ber  ;.rtsniirt*  ana  nozzle 

of   tiu^  coi^6u3tion  |.roc6.  .  CcOi  be  t{A^bri2uuittuiijr 'ufetur* 

f  In^^    i'l  c.ii^  £.  ti..  ;^rca  quantities,     A  thur.ri  tf  c  1   v   liie 

Ctiii  u^   c   j.cuj.atwv«  4.i\>i.   A(«,     V  («,    oia  fi^  for   ..   (^i;«.j.  propell<vi.t 
;^ysteL    C4:ia  oo*.bu:iCioa  conu^tion^*     iHia   thaoi^uLiCul  Talua  is 
a  oaasure  oi*    :-<.-  -  .  <    iha  |.ropaIlHnt  ana   i*  usUulI/ 

aboat  ten  p«;rcanL  ^r^dtar   tii.»n  tie  e/^parm.ent.iliy  dctt.riLiiied 
Talua«     CoiLparioon  of   tne  cr«ar;icttiristic  velocity    obt.ilnad 
in  practice     .»v.,    in  tXit*ory,    is  .^n  aj.  .   lu  conbu^stion  char  bar 
de;»i^n« 

Tie   effective  exLd  .bt  Velocitir    (c)    is   that  velocity 

tti-lC'i.     ••!.(.(«    !-ux  • -i^  x.i.c  <     u/      ti   c     ixt.::,^    i    I  Cc     v'i     A  xc'io     will     ^iV6 

the   thrust •     Tae   eifectivc  exluxu^t  v«1ocil^    is  tte  nozxla  tixit 
velocit>    uhen  conuitioiid  ^re  ix&  as^u&eu  In  U«i:>  tht^^is,     !iara 


agciln  is  a  paraiaeter  which  Cuii  bfe  computea  cheoretic<iliy 
and  also  Coiri  bt;  ciateiiiiinea  exp©r*iwen tally  frcjsi  ea::iily 
leeasiireci  quantities* 

Closely  reiatea  to  thti  effective  exhaust  velocity 
is  the  specific  impulse  (Igp).  This  is  defintia  as  the 
pounda  of  thrust  per  pouna  of  propellant  consunjec  per  second. 
It  i3  obtain«5d  by  dividing  the  tf fectivu  exhaust  velocity 
by  the  accel«<iration  of  gravity. 

It  has  been  X'ound  useful  in  practice  to  define  a 
nozzle  tliruiit   coefficit^nt  (Cp)  which  is  a  function  of  the 
chaniber'  pi^essure,  nozaie  throat  ^rO'^,  ana  tiiu  tixrust.  Thus, 
the  thruat  coefficxent  Ccm  be  determinea  e-«cpt;riiiientally  and 
coBBp.^red  with  the  theoretical  value.  The  thooretiCdl  value 
is  obtained  by  diviain^  the  effective  exhaust  velocity  by 
the  char.ictei:istic  velocity. 

The  altitude  Index  of  a  propellant  s^sten  is  the 
vertical  range  which  a  large  rocket  of  an  arbitrarily  chosen 
tot;*l  impulse  would  attain  for  a  particular  set  of  given 
assuiaptions.  Gnce  the  totul  inapulse  has  betjn  chosen  and  the 
assuiiiptlons  made,  the  altitude  index  Is  a  function  of  the 
specific  iropulb©  ana  the  isean  propellant  density.  Therefore, 
the  ciltituue  index  gives  the  relative  value  of  a  propellant 
systeia  if  uaed  In  a  definite  rocket  \»hich  further  satiiifies 
tlfie  given  conditions  of  isanufactui-e  and  operation.  These 
conditions  as sujue  the  use  of  a  bipropellant  sy^iteti^  but  the 
application  to  the  aystecjy  studiea  here  i^  still  of  value.  The 
values  of  altitude  index  computed  are  only  slightly  higher 
tlian  they  should  be. 
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PAKT   II 

DEVELOPk-.JiT  OK  THE  EQUATIONS  POh  HOLVINO  ?'       s-v...^^ 

The  sothoQ  of  liolvia^  tidt  cospoiiitlon  of  th^  pro- 
.:uct:i   of  re.ictloxi  preiented   i»fcr*i   is  quite   2l!5ll«r   to  th^t 
U3«u    i\;    UiiL  «i«t  Propulsion  Laboratory*      i:o*<'ever^    it  w^&     r- 
rivod  at  inae|.exiaentl^  4rM2  It  was  us«u  for  <iil  oocposition 

.*jolut,lon:i   riuCwJSHry    in   ti*o    prepir^tlon  o'   th«.    re-iUlt:    con- 

The  prop«Iiant  ^.j^stci.h   invcsti^utev;  conttineu  only 
three  oheDlcal  uluLientsi     hydrogen^  nitroi^tin,  and  cxyt;en« 
Thu  follov/ln^   symbols  aro  eupio/ed  to  repre:>ent  the  atoDio 
ana  molt^cular   specie^  presont   in  tau  combustion  giAses: 
a     «     nunber  ol'  Boles  of  water  Y<ipcr   (ii^^O) 
b     =     nuKber  of  Boles  of  hyaro;;en  (h^) 
c     3     nuTiber  oT  aoles  of  hyaroxyl  ion  (OH) 
a     ■     nULiber  oi*  soles  of  atomic  hjf'ii<  ;;v  .   (H) 
e     ■     number  of  soles  of  oxygen  (0;^) 
f     »     number  of  ooles  of  atonic  oxygen   (0) 
g     •     nULiber  of  ooi.e^  or  nitrous  oxide   (NO) 
h     3     liuriiber  of  soles  of  nitroc^en   {H'^) 
H     a     nuuber  of  .^raB  ^tons  of  hytiro-ion 
0     <•     nuiub^r  oi*  (^rai^  uto»..u  of  oxyg<in 
N     »     nui-.bor  of  ir..m  .itoi-s  of  nitrogen 
Thusy    the  general  cheoical  equttlon  for  aigr  systes 
involving  only  hyaro^en,   nltrojen,   auu   oxyijcn  becocost 


-15- 

H  -r  N  -r  0  =  ^d^^O  f  hii^  ^  ^OH  i-  uH  ♦   eC^  ♦  fO  -«-  ^^NC  -i-  hl^ii 
It  can  be   sei;n  that   the  probltiEi  is   to   scive  for   tiiiu   yic^'ht    . 
uiii.nov»a  quunt^'cies:      a,   h,    c,    ^..,   e,   f,    ^,   ana  h» 

Froiu   tir*is   genera j.  cheiklcai  equation,    thret;  equations 
involvin-j  atoa  bao-ance^  can  be  written; 

Sxiisi  of  Pi  atoms;  H  «  Jia  4-  i'.b  +  c   -»•  d  (l) 

SUEu  of  0  atoius;  O^a^c-f^^e-ff  +  g  (ki) 

SXii^  of   ^  utoiiiis;  K  ~  g   -t-  <ih  (3) 

The  reniainin^  five  equations  necessary  for  .the   solu- 
tion of   tiie  problom  are  obt^uinect  by  assmriirig  that  complete 
equilibrium  is  reacht^a  ana  employing   tMs  fact  to  obtain 
five  more  inaepencient  relationships  among  the  eight  unknowns, 
The  equiiibriufii  reactions  involved  .xnu  the  cor  re  impending 
equations   in  tenas  of   the  unknown  quantities  are  as  follows s 

iN2  ♦  HgO  •»  NO  ♦  H^  (An3  «  0»5) 

^n^  -  K  b  (4) 

2  %0  »  O^  ♦  <jHj;J  (ah^  »  1) 

^ne  •  ^,1  .^  ,  (^) 


Hi>0  «  0  ♦  Hii  (Zin7  »  1) 


(An9  2s  0,5) 


^ 
^ 


Kn7  • 

f  b 
a 

iH2  ^ 

H 

JCHq    = 

b»^ 

R^O  « 

OH  t   ^H2 

^nio* 

•  c   b»^ 
& 

^  HyO  a  OH  ♦   iH2  (/^nio  -  0.5) 


(6) 


(V) 


(6) 
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In  these  equ.  tions   U.e  equllibriuis  const^its   are 

•xpros5«u  in  t«^ra3  of  tt^  auaoer  ox  Boie:»  oi    tut  conpoi.tei.ta. 

In  Tablu   I   the  nuiserlc^i  values  of  t)i«  •(^uillbriua  constants 

ar«i  «X|yro5bea   in  t«ruis  of  partial  pressure&f   K*t.     T^:c&• 

were  converteu   to  Ka'a  by  u^ln^   the  following  g«ini.r<il  re- 

lationshipi 

Ita  -  K  rn^j'^"  (fa) 

P 

—        — 

where   Op  •  nunber  of  Boles  of  ^/roduots  oC   reaction 

P  9   total  pressure-  of  ^rouucta  of  reaction  (atK.) 

^n  •  miBbcr  of  0K)les  of  ^roaucts  lets  mi&ber  of  soles 

of  reactants  as  detersiiMa  froa  the  balanced 

Oheaical  equation  for  the  partioult^r  equilibriua 

reaction 

Since  the  Kq*s  depend  on  the  total  nusber  of  aoles  of 

products,  we  have  in  effect  introduced  a  ninth  unknown,  np« 

where 

DpSa4.b4C4>uaeafagah  (10) 

which  oust  i.lso  be  ettlA^ted  for  each  particular  solution* 
AssuDing  a  Value  for  "np",  these  equ.  tions  can  now 

be  used  to  resolve  the  cofiposition  of  the  ohasber  or  exhaust 

gases.   Rewriting  (1), 

'd%   ^   'iib   4^   C    '¥   d    m   B 

From  (6),         c  •  KnlQ  • 

b'^ 

Tram   (7),         d  •  Kns  b*^ 
Substituting  for  "c"  ana  »d"  in  (1), 


;Ja  a  >db  a  Kn^^Q  a  a  Kng  ^*^   «  H 
b-^ 
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Solvin.^  above  equation  lor   "a", 

a  «  H  b.&   _  Kji^   b   -  ^bl.^  (11) 


(13) 
(14) 


^b 

•^  ♦  ^nio 

From  (S) , 

b»^ 

From   (7), 

a  -  kng  t>*^ 

From   (^), 

e  M  i^     a^ 

b2 

From   (6),  f  «  K^^  a  (15) 

Froiu  (a:),                     g  «  0  -  a  -  c  -  2e  -  f  (16) 

Froi^  (5),                     h  m  t   (K  -  g)  (17) 

Repeatiriij  (10),          np«a4.b4.c4.a4.e4.r4.g4.h  (18) 

Repeating  (4),            Knv,  «    ,^  p  (19) 

These  nine  equatioriii,    (ii)    throu^jh   (li^) ,   ^nci   the 
general  relationship, 'Equation   (S),  ^ev^  used   to  50lve  the 
composition  at  one'lmnarou  de^ireu;  interval;^  of  tt.ii.per a ture 
\>y  usin^  the  following  trial  anu  error  procea*^©* 

1,     Estliiuiti^  "np»  and  t>v.:.lu.-^te   U.-^-  equiilbriuii: 

constants   (Kn's)   ^^^^'   '^^^^  corresponaing  chainbtr 
or  exhau;5t  pres^ijurc.     Valuer  of   tht   equilibrium 
coni;tiintii  are  lis  tea  in  T?^ble   I. 
i:i«     i:.stiii.<ite   "b",   anu  using  equations  '(11)    tiirough 

(17),    solve  for    Uu^  otJ:i«r   coiiiponents, 
o.      FroiL  equation   (IB),    lina   "np^',      Coiip^^re   this 
with  fcistlii^atea  value   of  Step   1, 
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4.      Kroik  «4UoLioii    (lb),    flfiu  La..      Cotp^re    thl:»   with 
the   Value   of  ot^y   X,      The    Viiiu«  of  fu^  of   i^lvy   1 
itt  in  error  only   if   «n.  "   coti*.utd  1^  inccrroct, 
5«     hej/^ht  U^u  proce^L  usin^  a  n«>«  efttix..at«  of  "Hr* 
and   "b"  until    the  cuoputea   "n^"  a4r««a  with  tl^ 
estiJL..teu  vaiu.  ,     .nu  i.^^  ^rot.  •qu«^tion   (lb) 
agrses  vith  truo  Vilue  of  otep  1« 
6,      As   a   chbck   on  nux:.criC2il  vork,   eqiu^tion:^    ^1)» 

(fi)  ,    allu    (o)    :»houlu   t'.   u.  ec. 
To  illustr«ite   this  D^tiiou  a  Soi^plt»  caieulk^tlon  will 
bu  pra&entttu  here.     Tho  s/st«£Ci  chos«n  for   the  C'*lcuIation 
ia   tUy   tripropeilant   by^tec.  conjl^tlng  of  a  stoichioretric 
Blzturti   of  nitrogan  tt;trojcia«  cuk:  k^/ar.^aina  witL  one  h..lf 
Bolu  of  liqulu  h/arot;eB  ucdeo*     The  eqwiition  for   this   re* 
action  ttt  0.0^  t  ist 

M^04   ♦  -iJi^H^   «>  ^•t)hi;(l)   «  4H4iO(i)    ♦  ^Ma  ♦  ^-^^^^   (^) 

At  ^ui  elevateu  tekpwratur^t 

M^04  #.  -W^H4  ♦  0.t.iia>(l)  •  aB;:0(g)  ♦  bH;^  ♦  COE 

Y  qH  ♦  e02  4  f 0  ♦  gNO  ♦  hh\ 
FroQ  the  left  n^inu  ;>iae  of  (^u)^  it  e^n  b€  seen  th^t 
H  •   9,000  M   •   6,000  0  •  4,000 

ThtJ   problura   !.»   to   l^oIvc   tF.w  cocpo.^ition  rf  ti  o     re- 
dacts  of   thib   rc.ction  wi^un  it  occurs  iti  a  rock^L  &oior  ^ith 
ch^iibtir  pr©:»jure   of  P^  -  oju  psia   at  .-.n  estirv:.tecl  cliacbur 
tei>^perature  of  Tq   -  6*^00^  K, 

The   results   of   ti*e   solution  ^rc  i/ri-;>ci.».t  .   in  Table   A, 
In  the   first  att^iOia  .*t  bo^ution,    "np*  Wa;»  iAS^iUi^e^.   to  be 


TABLb  A 


KiDSULTL;   OF  ii^PLi.  CALCULATION 
OF  THi.  COMPO^iTIOli   OF  TH.L  PHODUCTS   OF  REACTION 


SOLUTION 


Stap   1; 


Ste_p, 


For  T  a  c 
Gp    (est.) 


step  o: 
Step  4; 


b    (est.) 

a 

e 

d 

f 

g 

h 

Gp 


1 
7.b60 
0 .00607 
0.00*^75 
0.0074k 
0.17b5 
0.0676  ■ 
0»800 
3,469 
0.*'.65 
0,157 

0.05^: 

O.Oo^d 

oaio 

2,945 

7.850 
0.014.7 


.^0.41  atiE, 

2 
7.960 
0.0OBO7 
0^00^7t 
0,0074^ 
0.17bb 
0.0678 
0.750 

0,ici7T 
0.152 
0.06^ 
0,0ob 

0,0ol 

7.8l;i6 

O.OOvViO 


5 

7.840 

0.00B02 

0,00^71 

0,00751 

0,1744 

0.0674 

0,770 

5,519 

0.'-70 

O.lbiS 

0.057 

0,055 

0.064 

<;,  Litjo 

7,854 

0.0081k; 


oaioh  ^rt -ter    th  n  Kn^   (6tep   1),    inaic^^tixi^   tU^t   thu      !r,t 
oi»tiiu.<t«  04    ''!>"  wa^  too  ni^n«     TLo  rip  (3t«|.     ;      x^.  icd;^ 
than  tip   (step  1}  • 

Ttid   siiconci   atteL;;:t   t.^    .  bt   in    a   corracl   ^oiutioD  V..S 
oaac  wiUi  "b"   •  j,V;^j.     ik  new  ti,tix--ttj  of    "^r.p"  was  not  maam 
duv   to  tiitt  reldtiVoJL/  ioTgu  error  of  tiMs  rir:it  ^olutior*  plus 
tliki   foLOt  that   ti.t}   ouiuticn  Is  iiuch  mere   :st:uiiitiTts  to  ch  rx^es 
in  "b"«     Thi;.   bcxufcxo..  i-*-^         .  iw    (^^'p  *)    -    ^      Li-*.i4  hjj, 
(bttip  1),    iiidicatiii^   Ui«jkt   "0"  «iS   too  low,     Again  np   (dtcp  5) 
wcia   less   th^n  rip   (.  t«p  !)• 

It  #r^   .L    .1  fro<o  the  rir^u  two  <.tuui.t^ts  r«t  solution 
th..t   tb"  cust   b«  betvet^n  0«bJO  nna  0,750  anu  "np"  cu^t  be 
betvkecn  7.8b0    ^na  7,o»:6.      Itervce,    "np"  w^.h    .:>^uieG   to  be 
7,84U  .»i*.*   '^b",   0,770.     ThestJ   Vmj.ut.-  ^*wxv.*^w    l*.^   folloving 
re:>ultst 

Knj   (step   1)    •   j.OObOii  np   (.'tep  1)    ■  7.640 

Kjj      (^tt'p   'i)    m   u.vj^ol*.  rip    (:.tep  «' j    ■   V.o._-% 

As  o.  check  on  tiM«  iMychonic:'  of  th«   wOlutiori^   sukr    • 
tion:^  of   ti.c   «;r.au  atoii»a  ul*  h,   0,   aiK«  d  ver«  ya.a«i  viwL  tLfe 
followiAi;   rti:>ult; 

Using  equition   (1), 

Ha;;a^«.b«>C'»u:  J.kjOI  (^n  error  of  .ujl) 

Ujinj   OiU.tion   (*i)^ 

O*v^f'-'f-.©<ff*o«  0,000   (no  error) 

U:^ing  equation  (5), 

N  •  ^   t   >vii  -  4,000   (no  error) 


"rip"   oi    V.b'-iO  v..2i.^    "(;>•'   oi"   v>,770,   w:Ai^   w>iiov;ii  to   ut;    the   cci-i^ct 

noiea.     i^o  gi  eater  ciccuricy  v,oulu  bu  warraiiteu   i>ince   errors 
iru:erurit   in   tiie  vaiuub  Uocjvx   lor   tat?  iioats   Ot    iorBiatiou  ana 
for   equiiibriUi-  ooni>t;int;^  u^vkj  oi    tM^  orutsr  of  iv-a^nituuc  or 
larger. 


PAxiT  III 
SAkPlJL  CALCOLAriOM  OF  i't.hi'Ur.         .  .  TLRS 

In  order  to  illustr  .te  um   BetAoas  u«*d  in  calcuiat* 
Xng   th«  results  presenteu  In  this  thesiSf  the  perforsanot 
parameters  for  the  lysteru  consisting  of  a  stole  hi  ore  trio 
mixture  of  nitrofen  tetrojcide  and  hyarasine  with  one.tialf 
»ole  of  hydrogen  adaeu  are  presented  in  detail.  The  equa* 
tion  for  this  reaction  at  an  elevated  tesiperature  isi 

^2^4   ♦  ^  N;^H44  0.5  flg  (1)  « 

a  U;^0  (ff)  ^  b  H;e>  4  e  OH  4  d  U  4  e  0-^ 

4f04lM0<»hNs 

The  calculi^tioos  are  based  on  t)«e  assuaption  that 
two  gran  molecular  weights  of  hydrusine  are  present.  This 
giTes  a  total  aass  of  reactonts^  m^  of  1£>7«06  grams. 

Stew  A>   Calculation  of  Chamber  Temperature   (Tc) 

The  first  step  in  the  oaloulation  was  to  uetermine 
the  adiabatio  flame  temperature  in  the  chamber  (Tq),   This 
equilibrium  reaction  temperature  is  that  temperature  for 
which  the  heat  released  by  the  reaction  (Qst)  •Q^^^^  ^^* 
enthalpy  rise  of  thu  components  of  the  reaction  (Z^i    ^^500^ 
Since  both  quantities  depunu  on  the  cooposition,  the  method 
used  is  as  follows i 

a).   Chamber  temperature  was  estimateu  to  be  ^*:qo^   K« 
Chamber  pressure  is^  ixt   assui^cd^  «i0«41  atrn. 


■ ;  '7 


b) .      The  composition  isa^  solved  for  5JiOO°  K  using 
the  method,  outlined  in  Part  II,      AH|g§^  and  q|^^^  were  coLi- 
puted*      These  resiilts  appear  in  Table  B.      It  is  seen  tiiat 


Ah5^S^  is  less   than  Q^^^^,  wliicii  showed  tlmt  estimate  of 
3u0  aV      ' 

Tc  «  oiJOO®  iv  is   too  low, 

c).      Seconci  estiiiiate  was  odOO^  K  ana   (b)   wtis  re- 

o  2300 

peated.     The  results  for  T^  «  5500     K  showed  ^Hgoo     ^^ 

greater  than  Q?^^^«     T^  iii  therefore  betwecin  5:i00*^  K  cxnd 
5300^  K, 

d) .     A  lixiear  Interpretation  of  both  Q^y  ana    6  H 
was  used  to  find   AT  where 

To  •  i^^OO  ♦    ^T 

*Rils  double  interpolation  can  be  expressed  asj 

^  H500  ♦  ^^  ^  ^^300  ^  ^  %G0  )  •  '^av 

Too 

Substituting  values  from  Table  B^ 
216,64  ♦  AT(^^5>9^  •.  x:16,84)  a  id;U4,75 

♦  AT(^10,70  -  ii24.75) 

AT  «  34^  K 

e) ,  For  use  in  subsequent  calculcitions  the  couiposi- 
tion  at  the  chamber  temperature,  n^     >  and  A  H300  W"^^® 
computed  at  this  point.  The  coiiiposition  at  o<;o4^  K  wag  ob- 
tained by  linear  interpolation  of  the  compositions  at  3^:500^  K 
and  at  3300^  K, 


Tab..'.  B 

HiJSULTd  0/  :SAkPLE  CALCULaTION  OF 
CUAkBxJi  TiMPESikWi-JL 

T    (®K)  '&dQO  3300  3iiM 


a 

0.5I9 

5.568 

u.'-68 

b 

0.770 

0.885 

0,799 

c 

0,id70 

0.544 

0.:^96 

d 

0.155 

0.211 

0.175 

• 

0.067 

0*078 

0.064 

f 

0.03S 

0.06;.^ 

0.059 

C 

0.064 

0«0t>4 

0.071 

h 

^.966 

^.9ba 

£.b65 

'^ 

7.W4 

7.M8 

7.674 

ahIoo 

^16.64  k 

oal 

<^5,d&  k 

Cal 

^l^.b5  k   c&l 

1^^4,75  k 

oal 

<^10.70  k 

Cal 

iil9.95  k  oal 

where    AH^^j^  «  ^    (uoles  of  conponeat)^  z   (^^500  ^^  coaponent)^ 

t 
QaV  *  <r    (proaucts)   -    ,f   (re^ctants)  (i;*;) 

Table   II  listo  Talues  of   A  U^q  for  each  coBponent 

versus   teaperiiture. 

Table   III  lists  Vdlues  of  neats  of  forr;^tion  of 

If 
thti  T^rious  cooponents  useu  in  eTaluatin^  (^^  of   the  ehaaber 

and  exhaust  ga^es  una  oT  the  reaotaiits. 


Step,  B,   Calculation  of  CharucterxstlQ  Vc^Ioclt^   (c«) 

At  tMs  point  the  characteristic  velocity,  c^**,  was 
ccMiputed,  This  parameter  is  a  measure  of  the  coisbustion 
efficiency  and  is  a  function  only  of  the  propellant  proper- 
ties >  chamber  combustion  conaltions,  anu  nozzle  conditions 
from  the  chamber  to  the  throat. 

By   definition, 

C*  •  Pq  f t  i^6) 

m 

By  substitution  in  (*o5) , 


Sy  substituting  the  proper  values  of  "g",  ''Ru"^  and 
the  necessary  conversion  factors,  (b4)  becoiiesi 


c»  s  946,01  -i/  yc  To   ft  sec-i  (<J5) 


if  Tc  is  exprassea  in  degrees  Kelvin  ana  Uq^   in  graas/iDol. 

In  arriving  at  equation  {k,4)   froa  (23)  only  one  as- 
sumption is  necessary.  The  ratio  of  specific  heat  capacities 
of  the  products  of  reaction  is  assumed  to  be  constant  frois 
the  chaiaber  to  the  nozzle  throat  and  equal  to  IS  qI     Yg  being 
the  ratio  of  the  specific  heat  capacities  of  the  proaucts  of 
reaction  at  the  equilibrium  chamber  temperature.   This  is 
a  reasonably  good  assumption.   The  pressure  ciianges  markedly 
from  the  chaiaber  to  the  throat;  but  the  temperature,  and 
consequently,  y  ,  changes  only  sligiitly* 


In  order  to  use  (*^b),  "Ec*  ^c»  ^^^  ^^'(^c)  ^^'^^^   ^°*- 
putwa,   Thu  average  aolecuiar  weight  ci  the-  proaucc^  of  re- 
action  at  equilibrium  chaibber  tetpcratUTb  w^s  obt^inea 
first*  The  weignt  of  reautants  (a)  w.a  clioacn  to  be  lb7«06 
grant  anc:  the  nuaber  of  Boles  of  c^iaisber  prouuct:i  was  car<> 
putea  in  Jtep  A. 

He  •  J-  (ii6) 


^-m^^s"' 


Tiiu   i^obt^ic  L4(at  c^pacit>   of   Ch«  prov^uct;>  of  re* 
action  Waj  xouiiU  by  coojiiaering  tne  wot^^ilpy  change  of  th« 
prouuct3  of  reaction  with  tLe  ^y^twb  in  e^uilibriuir  over 
the  100^  K   tejDper^ture  range  ne^re^t  Tq,      This  ent^iaip/ 
change  was  then  aiviaea  by   th(s  product  of  the  aW9T&gb  num- 
ber of  Bcles  pre:>ent   in  tut^  ch^r^ber  ana  the  temperature 
rang«   [l^O^  K)   to  givo    (Cp)    ,      In  tliis  calculc.tion^ 

np(lao^  K) 
where         i  H^^^^  «   (^^00     '   ^  ^^.aO   )   *   (^av       -  ^av     ^ 


3ii00   ^    ^3300 

2" 


^p  «  q      ,»  ^ 


Substituting  nuDerical  values  froc  Table  B,   Step  A, 

S  H^^QQ  «   (<^k!b«^;u  -  4,16.64)   k  c^l  ♦    (4u*-4,7b  -  *.10,70) 

k  eal 
•  «!3.13  k   cil 
iL  «   (7.bo4  f  7*^ti)   moles 

8  7.6^1  moles 


7. 61^1  moles  x  100®  K 
«  ki9»3i2  04.1  ffiol"-^  ^K"^ 
K^  =   (Cp)^  r   (Cp)^  (28) 

(29.51ii  -  i*866)cal  mol--^  <>K^-^ 
'(J  c  «  1.073 

The  function  p '   can  be  represented  by  the  follow- 
ing linear  equation: 

pt    *    .1047  ♦    .t>048r  (29) 

Using   {s'v), 

p»/y.  X    =    .1047   ♦    .5048    (1.073) 

«  .6463 
Repeating  (is;5)  , 
c*  «  946.01     -1  /  g'c  ^c"    ^^  see-3. 

r'(rc)    VioEc 

«  ^46,01      -1/1.070  X  5^o4     ft  sec"-^ 
•  64o3  VlO  X  IS. 948 

c*  Si  610t   ft   S8C-^ 

The  calculation  of  thu  cnaniber  teiiperature  assuued 
that  the  reactant3  in  tim  chniriber  corupletely  reactea  and 
that  thtjy  reiuainea  in  thtj  chaiuber  for  a  sufficient  tlEi© 
to  periiiit  tivd  establishment  of  equilibriim  concentrations 


.c8- 

of  all  thM   coeponents.   Wren  the  gases  le  -.Te  tre  ci  Dber 
ana  llow  zi^ou^n  tin,   ooixle^  ti.<  i  <  .  r.         -.        cLLiHlsc:^  as* 
suffleu  possible,   kithttr  th«»  cooposltlon  of  thtj  gas  nixture 
renalna  constant  as  it  flows  through  ti.e  nozzle^  or  tre 
cob.pob^Lion  is  ciiAi.fiin^   continuously  in  dceoru^oiee  witn  tn« 
prussure  variations^  t«ap«rature  Y^triations^  anu  th^  cor- 
responuing  equilibrium  con:.tants«   In  reality ,  s>cs«  inter- 
■#€liate  state  is  probitbiy  saintained  b^tiveon  ti^:>e  t«o  «:jl treses* 

In  calculating  %  it  will  first  be  assuaeu  t^iat  equi- 
librium flo«  conditions  exist  in  the  nossle  as  well  as  in 
the  cruiiLber.  At  the  end  of  the  caioulation  it  will  be 
pointea  out  wnat  BOdifioations  w^re  applied  to  this  cettaod 
in  oraer  to  cosipute  the  parameters  assualng  constant  cosposi- 
tion  flow. 

Since  isentropic  flow  is  atsimea^  th*  exhaust 
temperature  (T«)  can  be  Calculated  from  the  following 
•qua t ion t 


•e  «  ^c 


»"  • '-  a 


'9 


(30) 


T 
''^''^''       Up  .  ^HT°       cal  ttol-^  Ok-^  (31) 

^  (Tc  -  T^) 

The  corrucL  Te  o^n  hu   Calculated  by  th«r  following 

triul  ana  error  method, 

1,   Estimate  Ttf. 

Tc     . 
'0i.     Using  this  estiLateti  T^  evaluate  S  Hy^  ana  np. 

5«   Use  Equation  (^1)  to  evaluate  Up   and  then 

use  Equation  (50)  to  calculate  %• 


4.  The  correct  solution  i;^  obt^.inea  v/heri  the  cal- 
culated Value  i^  equ^il  to,  or  closely  approxirKites  tht-  esti- 
mated value.  In  the  oa'loulations  presented  herein,  the  eal- 
culatea  T©  was  accepted  as  correct  when  it  was  within  ten 
degrees  of  the  estiffiated  Value, 

The  detailed  coniputaxiion  of  T^  appear b  in  Table  C, 
The  final  result,  T^  «  i^^fo  ^k,  was  arrivea  at  by  the  fol- 
lowing procedure, 

a)  Exhaust  temperature  was  estimated  to  be  iclkOQ^  K, 
Using  method  outlined  in  Part  II,  the  cciiposition  was  solved 
for  Jd^OO^  K  and  a  total  pressure  of  P©  «  1  atinosphere, 

b)  With  the  composition  known,  ^^00  ^^^^^avr 

e 
were  calculated, 

A  H500  ^^^^  coiiiputea  in  Step  A, 

c)  TtiB   total  enthalpy  change  of  the  products  of 
reaction  that  occurs  between  claaEiber  and  exiiaust  was  com- 
puted usiiAi^  the  following  fopr;ula: 

d)  The  average  number  of  Koles  of  reaction  products 

that  are  present  as  the  gas  flows  froci  the  chaibber  to  the 

exit  was  found, 

np  •*  np    *•  np 
2 

9)     Equations  (60)   and  {61)   were  then  used  to  com-* 

pute  tfp  and  Tt» 


TABL:-  C 
EXHAUST  TUiFLKATUiU:; 


t^K) 

3i^    (To) 

£c00 

13500 

4    ' 

0.468 

5.985 

5,969 

b 

0.7b9 

0.505 

0.t»10 

0 

0.^96 

0.012 

0.0^^4 

d 

0.175 

O.OU 

0,019 

• 

0.064 

0.000 

0,002 

f 

0»059 

0.000 

0«001 

C 

0,071 

0,005 

0.008 

h 

;^.e6& 

ki.998 

2«9d9 

^ 

7  ,874 

7.&i*. 

7,526 

ahJoo 

219.89 

15;.  .^5 

140,40 

0.00 

44.94 

45,44 

Solution 

1 

2 

5 

!•(•»%) 

H200 

^k:60 

22T0 

^^t^ 

L19.83 

;.il9.85 

219.85 

-«!so 

l^.ab 

137.14 

137.96 

44,94 

%4.04 

45*89 

6  H^^^ 

lcwJ.62 

U6,85 

1^5,86 

^ 

7.695 

7.69T 

7.6y7 

Tc  -  % 

1034 

874 

964 

^P 

16 •673 

16.917 

16.962 

T. 

8S»7 

8270 

;:£70 

*ol- 


np   (Tc  -  Te) 


*  ir^^-M^^  X  IQ^,  ^^,^.,.'„. 


7,6i^6  moles  x    (i^k;o4  •  iiidOO)^K 


iffp  »  16.673  cal  ffiol"     ^K" 


AnU  using   (i50), 

H 


Te  s  Tfj 


Pc 


Sp 


1.S86 


1  atia 

»Tgii   m  II  ■     iff  imii» 


tl^ 


TOTS 


^0*41  atffl 

f)  The  n<ixt  estimate  of  exhaust  teBjperf.ture  whs 
Z2Q0^   K,  Since  this  estimate  was  not  <u,n  evtm  htuidrea  ae- 
gree  value,  the  following  were  calculated  prior  to  repeac- 
ing  (b),  (c),  (d),  and  (e)  j  Coruposition  at  cjSOO^  K, 

g)  Thu   procedure  outlineu  In  (b),  (c),  (d)  and  (e) 

was  repeated  for  the  new  estimate  of  Te  «  2^66^   K.  Linear 
interpolation  between  2200^   K  ana  ^6QQ^K  values  vihb   useu  in 
detcriaining  A  H|§gO,  AQ^^^^^^,  and  np^^^^^ 

h)  This  second  attempt  at  solution  yielded  Te  •  2270# 
The  vari  ition  froiE  the  estinjated  Yiilue  was  on  the  boraer- 
line  of  the  accuracy  standaruii  set  up  for  the  calculations 
so  ii  third  solution  Wiiy  auide  using  an   ^stiE^atea  T©  «  '^270^   K, 
This  gave  a  calculated  exhaust  teit].erature  of  the  isacjc  value. 
Hence,  the  correct  T©  was  taken  to  be  ;^270^  K. 


T 
It  shoula  be  notea  at  UAij   ^olut  that  ^  H^ ^  it 

required  for  tho  calculation  of  the  effeotivt:  exhaust  Te- 
locity arui  DUdt  be  calculated  uein^  th«j  exact  exhaust  tecipera* 
ture,  not  u;>in^  a   teaaperature  vitx.in  ten  degrees  of  ti.c  cor- 
rect exhaust  teaperature.  Therefore^  when  the  calcxiluted 
and  estinatea  exhaust  teaperatures  were  not  exactly  the  %nm9 
Value 4  a  ret^Yaluation  of  SH^^  was  saUe  usin^  the  correct 
Talue  oX'  the   axhaust  temperature  for  use  in  evaluating  the 
effective  exhaust  velocity* 

Step  D.     Calculation  of  EQUilibriua  Exhaust  Velocity   (c) 
and  Kfluilibriua  Specific  IiPDUlga   (:,p) 

me  effective  exhaust  velocity  was  coaputea  froa 
the  following  forwulm  t 

■ 
wheru  J  i^  x.ne  ■•chanie  .1  equivalent  of  ha^t* 

In  obtaining  Bquation  (;s^)  it  was  assuibei;  thatt 
1)   Tha  proxlucts  of  re.^c&ion  behave  as  perfect  gas« 
«,)   TLo  expui;;>i.on  prcc«35  in  ti.c  nozzle  is  acliabatic« 
6)     rne  velocity  of  the  gases  in  tim   chcuober  is  so 
ssall  in  coiparison  with  "c"  that  it  can  be 
set  equal  to  zero. 
By   substituting  the  proper  value  of  J^  and  the  neces- 
sary conversion  factors  («5<:)  becooesi 
0  •  9493.;: 


•^w--£-flL     ^^  ••^"^  ^^^ 


Tc 
If    SHy     is  expressea  in  kiloccilories  and   "k**  in  graces* 

The  S  H»pQ  was  coEiputeti  in  .Step  C  and  m  was  chosen 
arbitrarily  at  the  beginning  oi'  th^  calculation.  Substi- 
tution in   (^Z)   gives: 


c  «  b^^6^2  ~a/  l^.b,66       rt   sec*-^ 

c  3  64k;7  ft   sec"-*- 

The  i)peciflc  impulst;  is  expressed  by  the  followirig 
relationship: 

Isp  «  £  (54) 

g 

•  B497  ft  sec*"^ 

5id.*^  ft  sec'"'^ 

Igp  m  ii6o#9  sec 

Step  E.  Calculation  of  Nozzle  Thrust  Coefficient  (Cp) 

and  Averages  t^Ql<;^cular  i^^Utit   of  Roaction  Proaucts 

A  no2,2l©  tlirust  cotefricitjnt  is  aefinea  by  tiie   fol- 
lowing rei.itionship: 

CF  «    P*  ,,  (o5) 

Pc  ft 

Expressin^^   the  effective  exiiaust  velocity  in  teras 
of   the   tiirust  .and  mass  flow  rate,   it  is  setn  tlriat 
c  m  F     m  F/Pc   ft  m  Of 
a         ifl/Fc  ft       c* 
or 

Op  a  c^  (56) 

c^ 
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C.  «  B497  ft  sec-J- 
6106  ft  sec--*- 

Cf   >  1.3d 

Th«  average  •ol<icul.ir  weight  of  the  reaction  pro* 
duots  curing  their  pataagt;  through  the  noszie  was  computed 
froa  the  reX^tionahip^ 

I  •  J  (37) 

where   Wp  -  ng-^  ^  ng-'^Q 

•  7.b74  ♦  7.t><^Q  Boiei 

a  ;J0,407  gn  jdoi"^ 

The  determination  of  altituue  inaex  was  Bade  frcB 
a  set  of  curveb  »hich  wex^i.teu  buc  specific  impulse  >n.  .L.n 
propellant  deneity  in  a  Banner  belieYea  Bore  proparly  than 
giTen  by  den»ity-iBpuli»e.   This  altitude  inaex  is  for  a 
large  rocik^et  manufhouiu'ed  and  operates  unaer  a  given  sat  of 
assuisea  conaxtions. 

The  Bean  pro^llant  density  (f  )  was  oalculateu» 

Yolufiie 


~  a  l.lo  gw  cn*^ 


The  values  oi*  tLti  aen^Liitie^  ust-ci  to  aettjrEine  the 
totv>^l  voluino  occupiea  by   tiiis  mass  of  llquia  propellants 
are  lifted  in  Table  IV • 

Froia  L>t6p  D,  Igp  •  <G6o»'d  sec,  lising  this  Igp  and 
the  ~  caiouiatea  above  as  entering  argu:.ents  to  the  curve,  , 
the  altitude  indeii  was  founa  to  be  556  Kiles* 

For  the  caae  of  constcBt  coiaposition  rioi??,  the 
ciiai.iber  temptirature  (Tc)  ^^^   ^^i®  characteristic  velocity  (c*) 
are  computed  exactly  an   outlined  in  Gteps  A  and  B,  since 
these  quantities  are  independent  of  the  type  oi"  flow  in 
the  noziile. 

In  calculating  the  exhaust  teniperature  (T©)  in 
Step  C,  the  composition  of  the  gi.s  mixture  was  held  fixed 
at  the  coEposition  tiiat  prevailed  at  the  equilibrium  charaber 
teiaperature  ana  the  changes  lu  the  resulting  heat  balances 
made.  As  a  result  of  this  consttint  coiapo^iition,  HQ^^m 
^iil  vanish  and  6  Hy^,  Cp  and  T©  will  be  lower  than  the 
values  obtained  assuming  equilibriuxc  flow* 

With  chese  exceptions  the  remaining  calculations 
are  similar  to  those  for  the  case  of  e.:Uiiibriuii:  flow. 
However,  the  values  obtainea  in  Steps  D,  E,  and  F  will 

differ  fron^  those  obtained  in  the  equilibrium  flow  calcu- 

Tc     — 
lations  since  they  depend  on  S  Ht^  and  n^   calculated  in 

Step  C,  The  characteristic  exhcxust  velocity  (c),  specific 
iimpulse  (Isp)f  nozzle  thrust  coefficient  (Cp),  ^nd  the  al- 
titude index  (h)  are  all  less  than  the  corresponding  Values 
obtained  assiicdng  equilibriuffi  flow*  The  average  molecul.-,r 


•*A>« 


wtiic^iit  or  ttic  rno^Qtlon  ^rouuct^   (U)   is  ^roatcir  tii«^n  thc: 
corrd^puAuin^  equii^briUB  flow  yu1u«. 


PART  IV 
DISCUSSION  OF  RESULTS 

The  perforiBancfe»  paraiiietera  cT  tne  three;  blpropellant 
sy stents  in  stoichiou^etric  proper tionis,  which  were  usea  as 
the  basis  of  the  tripropeiiant  s/stt»n!i:;  stuaieu  in  tiiis 
thesis,  were  known  earlier  (Cf .  Hex's,  t,  11,  anvi  lid)   al-- 
though  corrections  ^^ere  made  to  the  hyarogen  peroxide* 
hydrazine  system.  These  corrections  were  made  since 
earlier  calculations  of  the  perroriijanca  parameters  of  the 
hydrosjen  peroxiae-h/drazine  i^ysterii  (Cf.  Ref,  9)  neglected 
molecular  ana  atomic  oxygen  as  coisporients  of  ti.e  corcbustion 
gas  mixture*  All  tm-ee  systems  investigatea  exhibit  rela- 
tively high  perforiLance  ana,  as  sucL,  they  hola  promise 
for  future  development  and  are  currently  of  interest. 

The  problem  of   aetermining  what  effect  the  adaition 
of  hydrogen  or  amiaonia  would  have  on  each  of  these  systems 
was  investigated  by  Cc^lciilating  the  perforiuance  paraLieters 
for  two  series  of  tripropellant  systei^iS,  Tre  first  series 
coni^isted  of  the  stoichioBjetric  ndxture  of  t>iO  bipro^eilant 
system,  to  which  was  added  increasing  amounts  of  hydro^^enj 
the  second  series,  the  stoichioniatric  mixture  of  the  blpro- 
pellant system,  to  which  was  added  increosing  aniounts  of  am- 
monia.  For  each  systeLi  all  the  pariJiieter:;  illustrated  in 
Part  III  were  calcul.*ted  for  both  eqiailibriiiiri  ana  constant 
composition  flow  conditions.  The  results  are  tabuliited  in 
Tables  V-XVI  and  are  presentea  graphically  ih  Figui*es  1-16, 
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For  much   tripro^elliint  cyat^ib  §cual«u  the   rollow- 
1x1^  resalto  aru  pre:.6nt«u:   u  t.ble  of  .11  p*riiA.etbrs  cob* 
puteci  asauialn^  o^uillbrius  flow  coimHHohb^   a  table  of 
all  paraitietero  cocnputed  assuaing  constant  ooc:pouition  flow 
conditions^  a  ^raph  ol*  chaDbtr  teDp«rature,  •xhaust  teapera- 
turu^  specific  iibpulae^  anu  altitude  looex  Tarsus  weight 
per  cent  of  thlra  ooBponent  for  both  •;uilibrluft  ami  con- 
stant cocposltion  flows f       graph  of  ibm   percentage 
▼ariations  of  the^iu  j^^.^  parameters  with  weight  per  cent 
of  thlra  coiaponent. 

Thu  ^rupus  of  the  percent«x^u  Tarlatlo&s  of  certain 
of  the  paruaeters  were  preparea  In  ordfcr  to  better  illus- 
trate the  relative  effect  of  the  thlra  cooponent  on  the 
Tarious  purac^etcro.  These  grap:.;;  ure  b^^^^ea  on  the  ratio 
of  the  parameter  for  a  glTen  percentage  adaltlTe  to  the 
▼alue  of  the  paraneter  for  ti«e  stolchioietric  Mixture  of 
the  biproyOllant  systew.  By   referring  to  these  ourres  for 
an/  particular  s/stea  one  can  tell  what  the  effect  on  the 
chaxaber  tefitperature^  the  ejihaust  tecperature^  specific  la- 
pulse  ^u  altitude  inuex  will  be  for  a  giwen  weight  p«r 
oent  of  third  ooaponent  «  all  in  tertus  of  a  percentage  of 
the  Talue  of  the  parau^vUcr  before  the  addition  of  a  third 
oonponent • 

At  the  first  inspection  of  a  plot  of  percentage 
variation  oi  pur^^cieters  vritn  nex^nt  per  cent  of  third  cob>— 
ponent^  it  aa/  appear  that  the  constvint  couposition  Tilue 
of  the  paraaeter  is  greater  than  the  corresponcing  equllibriua 


value.   It  iihouid  be  idealized  th:.t  althougi.  thB   i^ercentage 
of  tihe  stoichiotietrie  value  k^ay  be  greater  for  const^aiit 
composition  ilo^,    the  absolute  vduti  of  the  parameter  for 
equiiibriuiii  flow  is  always  greater  than,  or  at  leai.t  equal 
to,  tho  v.itlue  for  constaxit  compoiiition  flow* 

A.   ADDITIOU  of  LIv^UID  H^DKOa;:.K  TO  A  STOICKIOi-.lbTRIC 
MIXTUKh  0.-  NITROGEN  TETKOaIDE  AND  HYDHAZIKh. 

Of  the  tliree  basic  bipropeilant  systems  the  best 
performance  is  shown  by  the  nitrogen  tetroxiae-hydrazine 
systesi  (Cf.  Ref«  11).   Its  chaaiber  tecaperature  at  the  stoi- 
ohiometric  mixture  ratio  is  5^33^  K.  Assuiaing  equilibriiisi 
flow  conGitions  the  exhaust  temperature  is  2534*^  K,  the 
specific  impulse  is  <ib9,*i  seconds,  ana  the  altitude  index 
is  b^b  miles.  Corresponaing  values  for  constant  coctpoi^i- 
tlon  flow  are  16.^5®  K,  ii47«5  seconds,  and  47^  ralles,  respec- 
tively.  These  values  are  for  the  parameters  at  the  stoi- 
chlotaetric  mixture  ratio  and  are  the  basis  for  the  ccsDpari- 

sons  presented  in  succeeding  paragraphs. 

k 
The  chanaber  teciperature,  exhaust  temperature,  spe- 
cific impulse,  and  altituae  inaex  for  both  equilibrium  and 
constant  composition  flow  conaitions  versus  the  weight  per 
cent  of  liquid  l:\ydrogen  in  txit  tripropellant  systeia  are  pre- 
sented  in  Figure  1.   Figure  ki  is  a  graphical  presentation 
of  the  percentage  variation  of  the  saii;e  parafseters  as 
plotted  in  Figure  1  versus  weight  per  cent  of  liquid  hydrogen* 


Th^  valueb  of  ail  pariJQfct6rs  coaputed  as  w«Il  aa  tho  par* 
centime  ▼ariatiori^  piottc'Li  in  r'i^ura  :c  cura  listed  in  Table  Y 
for  aquilibrluB  Xlov  oxui  in  Tabla  VI  for  constant  coBpo:*itioa 
flow. 

Figure  8  shows  that  tKe  greatest  effects  of  tht;  ^ij- 
drogen  addition  are  se»n  in  tUi  cnanges  of  the  exhaust 
teaperature  ana  the  chanber  teBper4.ture.  for  equlllbrluB 
flow  the  exhaust  tenpernture  decreases  steadily  with  in* 
creasing  hydrogen*   For  ti.e  s/atea  containing  saxlauL.  h/* 
drot^en,  16 .^^o^^  an  exhaust  tesiperature  of  609^  K  is  onlj 
64.^%   of  the  stoichiOLietric  Talue,  £354^  K.  The  effect 
on  the  exhaust  teaperature  for  constant  ccapositioxi  flow  is 
not  quite  as  great •  At  the  point  of  aaxin-UB  hydrogen  adai* 
tion  the  exhaust  tenperature  of  609^  L  is  44,4%  of  the 
stoichiocsetric  Talue,  iBidd^  K.  The  el^asiber  temperature 
Tarles  with  hy^^rogen  addition  in  the  aase  general  Banner  as 
th«  exhaust  te&perature,  Tt.e   effect,  howeror,  is  not  as 
pronounced  as  it  is  on  the  exnaust  teBi,eratxa*e.   The  ■aylmni 
effect  is  at  the  point  of  the  gre^itest  igrdrogen  ad*«itlon 
where  the  cnaiuber  tesiperature  is  still  IS^H^  Kp   b<i«3^  of 
the  stolct.ionietrlc  T<ilue,  3255^  K. 

Thus,  it  Can  be  seen  that  the  effect  on  the  ehasber 
«nu  eja:au;>t  ceuperutures  is  Tery  uebirable  ana  appreciable. 
The  next  coribiaerations  are  the  correspond i:ig  effects  on 
the  perforr.ance  parameters.   It  can  be  seon  froc  Figure  8 
that  t«i^e  ei'iect  on  T^XiC  ^i^wciric  iopulse  is  aLlao   Q«;5irable» 
The  adaition  of  hydrogen  increase:^  tt^e   specific  ic pulse 
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which  reaches  Its  roaxiiBUia  near  the  point  corresponding  to 
9,0^  hydrogen,   For  equilibrim^i  x'low  tbe  roaxiEium  is  275^6 
seconds,  106 •S;;^  of  the  equilibrium  stoicMon etric  specific 
impulse,  <i59»i^  stconds*  For  constant  composition  flow 
the  ciaxiKiuiiJ  is  <;76«4  seconds,  111,0%  of  the  constant  ccwb- 
I>ositlon  stoiciiioiiietric  value,  247,5  second:..  Both  curves 
are  very  flat,  varying  less  than  ii,5Jb  in  the  range  of  hy- 
drogen from  6  to  16^. 

The  effect  on  the  aitituae  index  is  i^orfyewhat  dif- 
ferent*  Agiiin  referring  to  Figure  <;,  it  is  set:n   ttiat  for 
low  Values  of  bydrogen  the  Initial  effect  is  to  increase 
the  altitude  inuex.  The  mmxlmxm   is  soon  reached,  and  then 
the  altitude  index  decreases  in  much  the  same  manner  as 
the  temper. itures  because  of  a  rapidly  declining  mean  bulk 
density.  For  equilibriuiii  flow  the  icaxinium,  536  miles, 
10^,1^  of  the  3toichioi.>etric  Viiiue,  &<;5  miles,  i».  reached 
at  0^64%   hydrogen^  The  constant  composition  flow  roaxiaixiffi, 
496  miles,  105, 1#  of  the  stoichlometPic  altitude  index, 
47id   miles,  is  reached  at  <i»5%  hydrogen.  From  these  max!-* 
mum  Values  the  altitude  inde.i  decreases  steadily  am  for 
the  system  containing  16»k,6%   hydrogen,  the  values  are 
350  miles,  6Jd.95^  of  the  stoichiometric  value  for  equilibriiBB 
flow  and  330  Eiles,  70,03b  of  the  stoichiori-etric  v.ilue  for 
constant  composition  flow. 

In  spite  of  the  decrease  in  altitude  index,  the 
overall  effect  is  still  desirable  since  the  percentage 
decrease  in  ehaniber  temperature  is  greater  than  the  corres<» 


poiuling  percentage  aecrc.ibe  In  aitituufc  Indax*   In  practice 
thu  two  taci'^rs   v/ouia  x^ve  to  be  oaruruli/  ««i^ht«a  dej^exici. 
inf  on  tna  use  to  which  the  Bissiie  is  to  be  put.  For  hy- 
drogen eaaltlon  greater  than  3^,  the  percentage  decrease  in 
altitudt;  index  lags  the  percentage  decrease  in  chai^ber 
teaperature  b/  4  to  10%  for  equilibriun  flowi  for  con;>tant 
conpoiiition  flow,  bj  11  to  16% « 

The  orutracteristic  Telocity  Taries  in  alftOJt  thm 
exact  manner  in  which  the  effectiTe  exhaust  vt^locity  aikd 
specific  impulse  yr^ry.     This  Can  be  seen  by  exaeining  the 
TariatioQ  in  thrust  coefficient^  the  ratio  of  effective  ex- 
haust Telocity  to  the  chartiCteristie  Telocity,  For  equi* 
libriUD  flow  it  Taries  froc>  1,40  at  stoichioDetrie  to  1.36 
for  baxixauK  hyurogen.   This  is  le^^  tlian  ;^  Tariation,  For 
constant  cospo^ition  the  T^riution  is  bligr.tly  greater^ 
from  1,64   to  l»6Qf   or  about  0%. 

B.   ADDITION  0/  LIQUID  kkkOHlA   TO  A  ^TOIChlOUETRIC 

klXTUhii  Of   NITROGLN  TEThuXlDL  AND  HYDRAZIIE, 

The  results  for  the  systeiL,  nitrogen  tetroxide- 
hydrazine  with  liquid  aMnonia  aaued^  are  presented  in  Table 
Vll,  Table  VIII,  Figure  3,  cinU  Figure  4,   For  purposes  of 
discussing  this  system^  Figure  4,  the  percentage  Tariation 
curve ^  will  be  used. 

As  in  the  preTiou^  uystesi  discussed,  the  greatest 
effects  of  the  thiru  cociponent  are  on  the  temperatures. 


Tiio  ciiaisber  temperature  and  exhaust  teispeTatures  aecrease 
steadil/  with  Increasing  aimaoiiia.     At  the  i^oint  ox   maxiinUBi 
aiacionia  addition,   corresponding  to  17.91^  by  weight,   the 
temperatures  d.rei     cl:iaiiibt5r  t  tamper  a  ture,  k,6<ib^  K,  61*5%  of 
the  atoichlometrie  value,  5ij55^  K.;   exhaust  temperature  for 
equilibriiim  Tlow,   1456^  K,   6^»4;^  of   the  stoicliioinetric 
value,  .iccA^  Kj  ana  ejchauijt  temperature  t^or  constant  coin- 
position  flow,  1454^  £,   78.7^  Qf  the  stoichioE^etric  veilue, 
1823®  K» 

The  spec  in  c  iaipulse,  a^^susing  equilibrium  flow, 
decreases   slowly  with  increasing  aisnaonia  ana  for  the  maxi- 
duja  aisiBonia  content, th»3  speciric  ispuise  is  *i44»6  seconds, 
94.4^  of  the  stoicMoBietric  value,  ^59, <i  seconds.     For  con-» 
stant  coapoisition  flow  the  specific  impulse  Increases  to  a 
maximum  of  *^50.8  seconds,  I0l»5^  of  the  stoichioE.etric 
value,  Ai47.5  seconds,  near  5/^  acaaonia.     It  then  decreases 
to  <i42.7  seconds,  &a,l%  of  the  stoichiometric  value, at  17. 
aimBonia« 

SiBiilar  tendencies  are  yhown  in  the  variation  of 
the  altitude  index ♦     For  equilibrium  flow  the  altitude  index 
is  alzuoiit  constant  from  0  to  4%  .asaBonia  ana  then  drops  off 
to  439  miles,   85,6^  of  the  stoichiorsetric  value,   5^5  oiles, 
at  ffiaximufii  aciioonia  content .     For  constant  composition  flow 
the  altitude  index  increases  to  a  ciaxtiDUB  of  463  miles, 
10^,3^  of  the  stoichiouietric  value,  47id  eiilcs,  near  6^ 
ami&onia.      It  then  decreases  to  4<i4  miles,  b^^&Jv  of  the 
stoichiometric,  at  the  point  of  maxiicuBi  afcimonia* 


J 


I 
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As  in  the  system  la  which  hydrogen  was  added,  the 
variation  in  tn©  tlirust  coefficient  is  very  siiiall  indicating 
timt  the  charact^erlstic  velocity  varies  in  aliHOst  the  sao© 
sanner  as  the  specific  Ispulise. 

C»   Qi:*KERAL  iiif^SULTii  APPLICABLE:  TO  ALL  SYSTKMS 
INVESTIGATED. 

Tv/o  systesjs  have  been  discussod  in  detail.   Similar 
discussions  of  the  other  four  systems   studied  would  not  be 
very  dissiniilar  although  numerical  results  are  not  identical* 
The  results  of  all  six  ayste&s  are  presented  in  Tables  V 
to  XVI  and  in  Figures  1  to  18.  A  study  of  these  results 
makes  possible  certain  generalizations  to  all  the  systems 
investigated. 

When  the  per  cent  variation  of  chamber  temperature, 
exhaust  temperature,  specific  impulse  and  altitude  index 
are  plotted  versus  weight  per  cent  of  third  component,  hy- 
drogen or  js^ffiinonia,  the  following  can  be  said  of  these  curves 
for  all  systerjs  consiaered* 

X.  Ti-e  paratieter  tiiat  Is  affected  to  the  greatest 
extent  is  the  exliaust  tei^perature  for  e^uilibriuffi 
flow. 
«J.  With  the  exception  of  the  red  fuming  nitric 

ao id -ammonia-hy dr a zine  syste^i,  the  parazseter  tl^at 
is  affected  to  the  next  greatest  extent  is  the 
exhaust  tempexature  for  const&nt  cotaposition 
flow. 


•x^-As^* 


5.     With  the  exception  of  the  reel  fuii,ing  nitric 
acia-»^ioiaoaiii-h/uraiiiftfc;  sya^ti^i;,  the  paruuifeter 
thcit  is  afrected  to  the  liext  greate&t  e;ctt,nt 
is  th^  chajsib^r  teBipepaturo,     Both  2  and  5  are 
also  true  for  <tiiiHionia  adaition  of  greater 
th^^  6^  to  th«^  red  fuaing  nitric  acid-euEonia- 
h/drazin©  systeiiiS» 

4,  Next  in  order  is  the  altitude  Index  for  equi* 
libriuiii  flow*     However,   ttiere  are  several 
alnor  irregularities  in  this  order  for  weight 
per  cents  of  third  component  of  less   than  2%^ 

5.  If  the  altitude  index  for  constant  coBpositlon 
flow  is  neglected  for  tue  tiir*e  being,  the 
paraKieter  which  maintains  the  highest  per- 
centage of  its  atoichioiiietric  value  is  the 
specific  impulse  for  constant  composition  flow. 
Just  below  this  is  the  specific  iiapulse  for 
«quilibriiiffi  flow. 

The  altitude  index  for  constant  coiapositioo 
flow  behaves  quite  differently  with  the  addi- 
tion of  liquid  hyarogen  or  liquid  ainiiionia. 
ThlB  occurs  because  of  the  large  difference 
in  the  deni>iti©3  of  tlie  two  liquias.     Liquid 
lydrogen  has  a  density  of   ,07  grants  per  cubic 
centiiueter  while  liquid  aiDuionia  has  a  density 
of   ,048  graifls  per  cubic  centimeter*     For 
hydrogen  audition  of  greater   tiian  o%,   the 


altituae  ina«x  for  coai>to.nt  coK^Cbitioi.  Mow 
Is   tr.lo;.    tr.c   curv<-    ^:'   the   specific   iapuliie 

r^nainA  above   tt«   specifie  Ijipulse  eurvii  for 
constant  coBjK)&ition  flow  out  to  a  point  where 
thtt  ofiiBoaia  audition  i&  t>et««en  6 •6^  and  11>^ 
depundiniS  on  Um  systett. 

The  u^rkin  purpose  of  t^^e  addition  of  u   thlra  coe.po- 
nent   is   to  reuuct^   tn4:  c/^cbber   tessera ture.     However ^   with 
this  chcuige  of   temperature  tai^i  the  prei»enee  of  Inereasi.'g  quan< 
titles  of  a  third  conponent,   the  pbrfomance  e^^nceJ,     In  an 
attempt  to  aeteraine  par&i^eterii  which  can  be  useu  as  &  measure 
of  the  efieetiveness  of  the  adoition  of  the  third  component, 
the  percentage  variation  curves  were  con:»iaereo,   c...  froD 
thea   the  foilowiiie;  quantities  were  cae.putec   for  all  systems 
for  both  e^ullibriuM  and  cotistant  composition  flows t 

E(lsp)   ^«^ined  as    (I,p/I»p®  -  Tc/Tc^) 

B(^)   defined  as  (h/h®  -  V^c^) 

T^ie  superscript  zero  rcpres^nt^  tXie  v^iue  of  the 
parameter  for  the  stoichiobietric  axxture  ratio  before  the 
audition  of  a  thira  componeiit.   It  was  found  t^tat  the  value 
of  each  of  these  paraii<eters  wab  practically  constant  for 
equal  percentages  of  ^grdrogen  In  the  three  systems*  The 
same  was  founc  to  be  true  for  equal  percentages  of  i— lUils 
for  the  aamonla  containing  sy steiiiS. 

These  values  were  c^vercigeu  for  the  hydrogen  systeme 
ana  for  the  amioonia  systecs.  The  average  error  in  the  Value 
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of  E(j  \    or  Er^\   for  an^^  sy^tera.  v:Um   coiriparii^d  wit^:  the 
mean  value  of  the  ^L.r.-uit.ter  .L'.^r  \>i.e  c.j.'(^(j  wVjcu::.:^,  .-^l 
foiand  to  be  si.all  aa  caii  be  scjii  frcuj  the  foliovvin>^  rt;iults 
for  the  nitrojen  tetrcxide-h/drogGn-h/drar,ir.o  system* 


Flm 

^araii.eter 

Ay,  Err,er 

^ax,   Eiror 

Equilibriuis 

^(Isp) 

0.004 

0.008 

Constant  Composition 

Hisp) 

0.015 

0.0^1 

Equilibriiim 

Hh) 

0.006 

0.007 

Constant  Composition 

Hi^) 

0.0^7 

0.030 

This  order  of  magnitude  of  the  average  ana  m-dximm   errors 
Wai>  the  'J  mo   for  the  other  s/steaa. 

The  v.iiueii  of  thesu  paraineters  ar<^  listed  in 
Tables  XVII  to  JCKIV,  Figure  17  is  a  plot  of  the  average 
values  of  the  four  quantities,  2/j  \  and  -^/jj)  for  both 
types  of  flovf,  veriyus  wei^i.t  i^er  cent  of  hydro^jen  or  acj- 
jaonia.  A  study  of  Tables  ^'CVII  to  XXIV  and  Figure  17  makes 
several  general  results  apparent. 

For  equal  weight  pt-^r  cents  of  hydrogen,  the  per 
cent  lag  of  the  specific  impulse  or  altituae  index  behind 
the  per  cent  variation  in  chaiiiber  teiup^r^ture  i^  the  same 
within  jh  Z%   for  all  three  hydrogen  tripropellant  systeris 
studied.  This  is  also  true  for  equal  percentages  of  aKiiaonia 
in  the  three  amionia  tripropellant  systems  investigated. 

The  obvious  usefulness  of  these  relf^tively  simple 
parameters  lies,  of  course,  in  tlrieir  ability  to  predict 
performances  of  tripropellant  s/steiiis  onct  the  chai^ber 
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tMip«rature  curves  haT«  bseu  ciculatad  or  •stlMat^d^ 
and  as  an  indirect  aaans  for  iliustratinf^  tl.c  relctlTct 
merit  ol  ^^  asriod  oi  thiru  cuiLponents  ui^er  con&iueration 
as  posjlbie  coolants. 

The  parameter f   ^(I«n)*  ^^^   applied  to  uata  frozn 
other  sources  in  so  far  *x:i   it  w/.s  available ,   It  is  ^x«u>.ii 
in  Table  XVIII  that  L^j   ^^  oaiculateo  frois  data  for  constc^nt 
ooDposition  flow  conaitiona  for  the  liquid  ox/gen«liquid 
h/aroc^en-hyarazine  s/steA.  (Cf,  itef,  3),  was  in  jood  a|ree* 
sent  with  thesv  results.   The  average  error  w<is  •016.   This 
was  the  only  other  data  aWdilable  for  >.    tri propel l^oit  systea 
containing  hydrogen,  nitrogen  ana  oxygen. 

Using  data  for  carbonaceous  tripro^ellant  sy stect 
(Cf«  ivef«  4),  it  was  fouxKl  that  agreesent  oLong  the  car- 
bonaceous systess  was  satisfactory,  but  that  £(Igp}  ^or 
■ystens  containing  oarbou  was  not  in  agreement  with  B(x^.) 
for  those  tripropellant  :syst0Ds  containing  only  h^arogen, 
nitrogen  .li^;  oxygen.   However^  it  is  believec  ti^t  sitilar 
paraneters  migirit  be  useful  In  analyzing  carbonaceous  sys« 
tesj  ut   such  tiiBe  as  aore  tripropellant  data  is  available* 

The  relative  effectiveness  of  hydrogen  can  be  con- 

veniently  conpared  witi^  th-vt  of  aHsonia  on  the  basis  of 

these  paraiLeters.   If  the  variation  of  specific  inpulse 

is  of  pr iiBury  ir.portance,  L/t  )  is  the  interestin;;  paroiioter, 

^  sp' 

For  low  percentage  of  hyurogen  (say  A%)   E/j  )  ^s  about 

nine  tiaes  greater  ti^^u  the  corresponding  jb/j   \  for  >:  :  onia. 

At  higher  percentages  the  efi'ect  is  lejb  proriouxtceo.  For 


example,    it  15>  of  h/drogen  the  E(i     )    is  about  four  tiries 
that  for  uiiuiiionia  ♦ 

Wiien  the  variation  of  altitude  inciex  is  of  priiruiry 
importiiUGO  as  in  the  case  of  long  range  or  high  altituae 
missiles,   hydrogen  is  also  more  t^fiective  than  ^nii^oniii  - 
based  on  u  coifipciriiion  of  corresponding^  values  of  E(h)* 
For  4%  of  hydrocjen  or  ainmonia  the  ratio  of  tl-i©  ^(h)   ^^^ 
hydro^'Qn  to  the  £/j^\   for  cUijaonia  is  eight.     For  lb%  of 
third  component  the  factor  is  iitill  two. 
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740 

17   902 

14    ••S 

14  21) 

17 

904 

10  490 

171 

2500 

l«.|27 

2)    731 

2« 

242 

I*    717 

17    75t 

17  090 

19 

244 

10   929 

9^r 

2»00 

17   ••3 

25  031 

>0 

72« 

It  •5t 

19  494 

17  994 

19 

14) 

II    425 

•^  « 

27tO 

IS   542 

24.9>« 

)2 

211 

20  401 

19   514 

19  907 

20 

094 

II    921 

2»00 

!•   410 

27  454 

33 

712 

21    543 

20   999 

19  479 

20 

•  29 

12    414 

94  « 

2900 

20.2S2' 

2«.f»n 

35 

211 

22   —t 

21 .2«4 

20.549 

21 

•23 

12    •15 

145 

)000 

21    140 

30)15 

)• 

712 

23   427 

22   170 

21 .447 

22 

7I« 

11    41  1 

343 

)IO0 

22.041 

31    •» 

34 

222 

24    344 

29  054 

22   995 

29 

417 

13    904 

542 

1200 

22   •27 

39  004 

3« 

734 

25   344 

23   947 

29.227 

24 

514 

14   4C5 

741 

3300 

23   •!• 

34    3«2 

41 

244 

24    )04 

24   437 

24    121 

25 

421 

14.901 

•  5« 

3400 

24.712 

35   723 

42 

744 

27.274 

25    77^ 

25  021 

24 

925 

15    344 

159 

3500 

29  411 

37  0^2 

44 

241 

2S   247 

24  422 

25  920 

27 

229 

15   ••4 

354 

3^00 

2«.SI2 

)•   444 

45 

•06 

29. 214 

27    514 

24   922 

29 

195 

14   392 

555 

3700 

27. 414 

)•   •45 

47 

332 

90    I9« 

29   412 

27    79C 

29 

041 

f  B99 

754 

3*00 

24   32« 

41    231 

44 

•42 

31    17^ 

29   907 

29  44C 

29 

949 

17   3P5 

•52 

3«00 

2«   234 

42    61* 

3C 

50 

••4 

32    144 

90   205 

29    952 

30 

•  54 

1  7  ^4: 

151 

4000 

)0    153 

44   010 

31 

51 

•  30 

))    153 

31    104 

90  4C7 

91 

Ml 

li  979 

95( 

4100 

31    04^ 

45    413 

32 

53 

471 

94    139 

32   004 

31    99r 

32 

••2 

!•   •75 

544 
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TABLK  III 
H£.ATS   of  FOHkATION  USED   IN  THIS   INVr>oTIOATlOK 
Hp(i)    •• •        1*B48*  k  cal  mol-^ 


b  « 


'2 
Hr,02 44,516 

N204(l) r^*2«  » 

HNO3 ••♦.•.   ♦41.66^  » 

RFNA(6.6^ 

N^O^ ♦4i.05  « 

ll;^H4 -1^.05  » 

NH^(l)    .♦- 416,07®  » 

HgOCg)    ♦.,•   ♦57*798  " 

OH   ,,,., -10,06  " 

0   -59,159  " 

H ^ia.08^  « 

NO • -;^1,6^  " 

^Calculated  by  L.  G,  Cole  froia  data  in  Chemical  Rubber  Pub- 
lishing  Coiapaii^  K-iiiubook  of  Checjistry  ana  physics,  pp,  1745- 
1747  (1S45), 

^Chemical  Rubber  Publishing  Company  Heindbook  of  Chemistry 
ana  Physics  (1947), 

^Bichowski,  F.  R,,  Rossini,  F,  D,,  ^The   theriBocheiaistry  of 
Chemical  Substances"  Heinhold  Publishing  Corporation  (1936), 

All  other  data  from  « Tables  of  Selected  Values  of  Chemical 
Therrijodynamic  Provertles",  National  Buret^u  of  Stand:  ras 
(U,  S,  Department  of  Com&eree)  with  support  of  Office  of 
Naval  Research,  USN,  Uu-VCh   51,  1947, 
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TABLL  IV 
DENolTIluS  USii)   IN   THIii   IKVi^iTIOATlOi 


Conponent 

H„U^ 

1,01     dt  16®  C 

a^o., 

1.465  at     0®  C 

H,-04(l) 

1.4t^l  at     0®  C 

H«(l) 

0,07     at  m^b'ii.i 

NH;}(1) 

0.648  at  'dO^  C 

HN03(6.83t 

»;:04) 

l.t>45  at  aO^  C 

A-5 
TABU.  V 

Variation  of  piLHFoi<^i/vMCii,  PAK/tMLTKHs  with  weight  per  cent 

OF  LIQUID  HYDKCG£>N  i^OR  Ni>04-Hi>(i)-Ni>H4  SYSTEM 
AS^UklNQ  K^UILIBKIUM  FLOW  C0KJITI0NJ3 


(i) 

(^) 

(o)              (4) 

(5) 

(6) 

m 

(6) 

WT> 

llOLblS     ■ 

"^c          tc/Tc^ 

Te 

Te/Te®       f 

1 

^K 

^K 

gffl  cxsT^ 

0.00 

0.00 

3^33        1.000 

2334 

1.000 

1.25       ; 

y 1.446 

0,64 

0.50 

3^34        1.000 

2270 

0.973 

1*13 

20.407 

l.iiSd 

1.00 

3*308        0.992 

^149 

0.921 

1.03 

19.413 

1*90 

1.50 

3158        0.977 

A.  037 

0.673 

0.94 

16.452 

2.5^ 

.i.OO 

3099        0.959 

1930 

0.827 

0.88 

17,597 

4.-.91 

4,00 

^809        0.868 

i5l;8 

0.685 

0.68 

14.866 

9.37 

B.OO 

^J^83        0.706 

1185 

0.506 

0.48 

11.475 

16.^3 

15.00 

16S^        0.5*i3 

809 

0.347 

0.33 

8,468 

(s) 

(10) 

(11)             (1^) 

(13) 

(14)      (15)       (16) 

W1^ 

c* 

C                     Isp            I. 

Bp/^Sp 

Cy          h 

h/hP 

ft  i>ec""^ 

it  sec*"^       sec 

mi* 

O.QO 

t>i?65 

8346          k;59  < 

»2        1 

.000 

1.40     525 

l.QDO 

0.64 

6105 

8497          *i63, 

,9       1, 

.018 

1,39     536 

1.021 

l.<;8 

6196 

8587          ii66, 

.7       1. 

.029 

1,38     527 

1.004 

1.90 

6<J64 

8655          268, 

.8        1, 

.037 

1.38      521 

0.992 

<;.5fe: 

6303 

8713          270 < 

.6        1 

.044 

1.38     51© 

0.989 

4.91 

6390 

88ki5          274, 

a     1 

.057 

1.38     492 

0,937 

9.37 

64X3 

8868          ^7;>, 

•  4         i 

.063 

1.38     420 

0.800 

16.ii3 

6337 

8737          271, 

.3        1 

.047 

1,38     330 

0.629 

A-6 

TaBLc  VI 
VAKIATION  OH'  P^i.-VhJi'^'r     p-~  v  'rR'-.  wtt^  mT-.y-  p-j^  q^^ 

ASoUMlNS  C0N13T/JIT   CClSPOwITION   hXC    COM.TIOIIC 


(1) 

(^) 

(3)              (4) 

(5) 

(6) 

(7; 

) 

(e) 

'.'.TJb 

U0Li:)S 

Tc           Te/?o^ 

Te 

VT«^ 

'     7 

1 

^ 

•l 

SB    CD"^ 

0,00 

0.00 

3:^^33       1.000 

18:^3 

1.000 

1. 

^b 

^o.eoo 

0.64 

0.50 

3234        1.000 

18i:l 

0..    - 

1.15 

19.048 

1.^8 

1.00 

3<:08        0.99w 

1801 

0.9c^ 

1.03 

19.117 

i.yo 

1.50 

5158        0.977 

1768 

0.?70 

O.i 

>4 

18.i;03 

a^^*^ 

^•00 

3099        0.9;.^ 

17^7 

U.^7 

0.68 

17.410 

4.91 

4«00 

<^809        O.B6'j 

Ib^b 

•  0.837 

0.68 

14. 8U 

9.37 

6.00 

J*.83        0.706 

117b 

0.64!3 

0.48 

11.470 

16.  r;^ 

lb. 00 

169S        Q.U.C 

809 

0.444 

0.35 

6.466 

(9) 

(10) 

(11)           U^) 

(13) 

(14) 

(lb)    (16) 

WTJt 

ft  sec-^ 

•               lap       lb, 

ft    S«C"1         8#C 

p/Isp^ 

cf 

h 
mi. 

h/h9 

0.00 

b^5 

7^70          c47, 

.ft        1 

.000 

1.34 

47ij 

1.000 

0.64 

610b 

8161          ^b2>, 

»4        1 

.0L4 

1.34 

489 

1,036 

l.;a8 

6198 

83^4          258, 

.ft        1 

.044 

1,34 

491 

1.040 

1.90 

6;^64 

8438          ^&*s , 

.0        1 

.059 

1.55 

496 

l.Obl 

^.bii 

6503 

853;^          a6b, 

lO        1 

,071 

1.35 

496 

l.Obl 

4.91 

6d90 

876;;^          iJt2, 

a     1 

.o^y 

1.37 

461 

1.019 

b.6f 

6415 

6867          -i75, 

A       1 

.113 

1.38 

4;i0 

0.690 

16.;d3 

6557 

8737          <;71, 

•  3        1 

.0^6 

1.58 

550 

0.700 

A-7 

TABLK  VII 
VAKIaXIOM  of  PhHFOim^NCj::;  PARAKLTUHS  WITH  WEIGHT  PER  CENT 
OF  LIQUID  AMMOniA   FOR  %04-NH3(l)-N^H4  SYSTEM 
ASSUMING  EQUILIBHIUk  FLOW  CONDITIONS 


(1) 

(2) 

(3) 

(4) 

(6) 

(B) 

(7) 

(e) 

Y/T^ 

MOLSS 

Tc          T. 

./^c^ 

5?e 

te/Te^       7 

v 

<^ 

0^ 

gia  CHJ 

-3 

0.00 

0.00 

o^o^       1 

.000 

2534 

1,000 

1.25        21.446 

^^66 

0.25 

5i;08       0 

.992 

2*^46 

0.962 

1.22        20*842 

5,17 

0.50 

5161        0 

,978 

2102 

0.901 

1.19        . 

^0.214 

9,83 

1.00 

3017       0 

,933 

1842 

0.789 

1.14        19,071 

14.04 

^  1.50 

2830        0 

.675 

1628 

0.698 

1.10        18.088 

17.91 

2.00 

^628        0 

.813 

1456 

0.6.J4 

1.07     : 

17.253 

(s) 

(10) 

(11) 

(1^; 

} 

(13) 

(14) 

(13] 

)    (16) 

WT^ 

c» 

c 

Isp       ^sp/ 

^Isp^ 

Of 

h 

h/hP 

ft   sec"-^ 

ft  sec*"' 

sec 

ml. 

0.00 

5965 

8546 

259, 

►  2 

1 

.000 

1.40 

525 

1.000 

i^.66 

6014 

8375 

260, 

1 

a 

1 

.003 

1.3S 

527 

1.004 

,  5.17 

6017 

8S45 

259, 

.1 

0 

.999 

1.39 

523 

0.996 

9.83 

5976 

8229 

255, 

►6 

0 

.986 

1.38 

496 

0.949 

14.04 

5848 

8073 

250, 

►  7 

0 

,967 

1,38 

472 

0.899 

17.91 

5705 

7875 

244, 

»6 

0 

1.38 

459 

0.836 

TABLr.  VIII 
VAhlAVIOl*   OF  PUiKwiU^AWCE  PAR.JiLTU\3  iilTh   HcxGiiT   PLh  CLNT 
07  LIgUID  AMMONIA  FOR  N^04-»U^(1)*)(^U4   S^JTk^ 
ASSUMING  CONSTa^jT  COMPOLrlTlOM   PLOW  CONDITIONS 


(1) 

(i^) 

(3)              (4) 

(b) 

(8) 

(7) 

(b) 

WT)l 

MOU.S 

To          Tc/Tc° 

Tt 

%/TeO        7 

I 

Ok 

^ 

•'■     c 

0.00 

0.00 

6^66        l.cOO 

18:^9 

1.000 

1.^5 

^0.900 

S«f6 

O.'db 

5;^ud      o.^i;<i 

lo09 

0.99^1^ 

l.tki 

:^0.384 

5*17 

O.bO 

^161        0.il78 

1780 

0.976 

1.19 

19.886 

9.6;5 

1.00 

5017        0.9«6C> 

ltk>7 

0.9.^5 

1.14 

18.  9U 

14.04 

l.t)0 

<;boO        0*875 

1558 

'J  .854 

1.10 

18.016 

17,91 

-i.uO 

ij6^8        0.815 

1454 

0.787 

1.07 

17..iiih 

W 

(10) 

(11)             (lii) 

(13) 

(14)      (15)      (16) 

vn» 

c» 

I.] 

P        I» 

p/I.p' 

Cy           h 

hA^ 

ft  sec-^ 

ft    ■•€•1         f«0 

Bi. 

0.00 

5965 

7970           i:47, 

.5        1 

.000 

1.34      47^ 

1.000 

^c^.ee 

6014 

t>J^\^           iAti, 

,8        1 

.008 

1.34      47& 

1.015 

b.l7 

6017 

8076          k^50< 

.8        1 

.013 

1.34     483 

1.0^ 

9.83 

5976 

8065          ^50 

.5        1 

.012 

1.35     479 

1.015 

14.04 

5648 

7996          24d, 

.a      1 

.003 

1.37     460 

0.976 

17,91 

5705 

7616          iJ4*i. 

.7       0 

.bSl 

1.37     4:.4 

0.696 

A~9 

TiiBLK-  IX 
VARIATION   Or    Pj^RFOmAiiCxu  PARAi..i:.TiLRij  vaXH  WiblGiiOf  PEH  CKHT 
OF  LL^UID  HYDhOGEN   FOh  %0^-Hg(l)-N^H4  S^CStm 
ASSUMING  ^AJlhlBRlUU  i^LO^  CONDITIONS 


(1) 

WT> 

0.00 
1,00 
1.97 

3.87 

7.46 

15.88 

iid.^1 

O) 

0.00 
1.00 
1.97 
^.9o 
5.67 
7.46 
13.88 
*io  m  «^1 


leOLKS 

0.00 

0.50 

1.00 

1.50 

2.00 

4,00 

b.OO 

15.00 

(10) 

c* 

ft  sec 

5775 


-1 


L952 
5976 
601^ 
6044 
6095 
608i> 
5866 


(^) 

% 
ii651 
-dB45 
c749 

2b2J 
<il40 
1628 
1145 

(il) 

e 
ft  sec 
ti067 

8<ji-:i  1 
8^ii0 
8549 
6596 
6461 
8596 
81ii8 


(4) 
Tc/Tc'' 

1.000 
0.B97 
J. 964 
0.9<i6 
0*636 
0.751 
0.571 
0.401 

(1^) 


(t>) 

Te 

1..7b 
1805 
1670 
1544 
1445 
1144 
798 


(6)     (7) 


(B) 


gE  CK 
I.OOO    1.*^'8 


-5 


0.912 
0.844 
0.7S0 
0.750 
0.578 
0.403 
0.267 
(13) 


1.09 
0.95 
0.85 
0.77 
0.56 
0*58 
0.ii6 


19.747 

18.^50 
16.951 
15.851 
14.854 
12.015 
8.958 
6.515 


^1 


sec 

ii50.5 
<s55.o 

ki57.5 
^59.5 
260.7 

^60.7 


IspZ-^sp 


1.000 
1.019 
1.0^8 
1.0.'^5 
1.041 
1.049 
1.041 
1.008 


(14)  (15)  (16) 

Cy    h  h/h® 

1.40  491  1.000 

1.59  467  0.99ii 

1,59  475  0.967 

1.59  462  0.941 

1,39  456  0.9i:;9 

1.S9  409  0.853 

1.58  5^6  0.664 


1,38 


^<;7  0.462 


A-10 
TABU-  X 
VARI/.TION   Of  PtJiFuKUiMCL  PaH.       .    ^   VITH  WfclGHT  PiJi  CeJIT 
^'^  LIQUID  HYDftOGi-M  rX)H  H;vO;.-H.^(l)-I^H4   SYSTOi 
»^UMIH3  CONi>I.%JIT  CUliPOoITIOi  i'LOW  COMDITlONb 


(1) 

(^) 

(^)             (4) 

(fc) 

(6) 

(7) 

(6) 

n% 

MOUmS 

Tc          Tc/To^ 

Ok 

Ok 

%/T.- 

Ca  c»-^ 

T 

0.00 

0.00 

<^6l        1.000 

1694 

1.000 

l.ii8 

19.418 

1.00 

0.t>0 

.c;843        0.«i^7 

1677 

0.990 

1.09 

18.1£6 

1.97 

1.00 

«;74»       0.964 

1600 

0.945 

0.95 

16.692 

<i.93 

l.bO 

<^ob        0.9^6 

161;^ 

0.b9d 

0.86 

15.604 

3,87 

>^.00 

^t^7       0.866 

14;^^ 

0.843 

0.77 

14.840 

7.46 

4.00 

i^l40        0.7bl 

1141 

0.G76 

0.56 

1.-.010 

15.68 

8.00 

16i;8        0.571 

7ttti 

0.471 

0.36 

o.y38 

;c;5•^L 

15.00 

1143        0.401 

5^8 

0.31£ 

0.E6 

6.515 

(i^) 

(10) 

(11)           (1^1 

1 

(13) 

(14)       (15)      (16) 

«^ 

€♦ 

C                 Isp        Is; 

p/Isp 

Cf         h 

h/hO 

ft   sec*^ 

ft  sec"^       see 

•i. 

0.00 

&773 

78bii          fc43. 

,8        1 

.000 

1.56     4t>6 

1.000 

1.00 

bM^ 

8107         «i51, 

.8        1 

.053 

1,57     474 

1.035 

1.97 

6976 

8^34          a>5, 

.7        1 

.049 

1.38     468 

i.oaj 

Cr  9  OU 

601;^ 

83^0          4t>8, 

►  4        1 

.060 

1.38     456 

1.000 

5.87 

6044 

8o65          abkt. 

►  8        1 

•  066 

1.58     455 

0,995 

7.46 

60dt> 

8459          k^v., 

>7       1 

.076 

1.59     409 

0.695 

10.88 

6083 

8396          ;^60, 

►  7        X 

.069 

1.38     5;^6 

0.712 

:£3.iai 

5886 

8ia)          «^&id, 

A       1 

.035 

1,58     ^ii7 

0,496 

TABLE  XI 

OF  LigUID  ^^iulil^  FOR  h-^O^^-liK^M-UJl^   dYSTKM 
A£SUMI:NG  b;;UILIBKIUM  FLCV^  CONDITIONS 


(i) 

(3) 

(^)              (4) 

(t>) 

(6) 

(7) 

(^) 

wT>;; 

MOL^ 

^c         '•^c/^c'' 

Te 

T^/Te""        f 

I 

■  % 

^K 

-*3 

0,00 

0.00       ' 

ia851        1.000 

1979 

l.cOO 

1.28        19.747 

4.08 

0.ia5 

^804        0,9b3 

1767 

0.893 

1«23        16.851 

7.84 

0.50 

2677        0.939 

1606 

O.SIE 

1.19        18,049 

14,54 

1.00 

2376        0.833 

1342 

0.678 

1.1?.        16.719 

i^0,3ii 

1.50 

^099        0.736 

1140 

0.576 

1.07        15.696 

<i5,i58 

ii»00 

1862        .0.655 

977 

0.494 

1.03        14,901 

(fe) 

(10) 

(11)        U^] 

1           (IS) 

(14) 

(15)    (16) 

V/T% 

c* 

«              Isp       ^sp/^sp 

c? 

h        h/h^ 

ft  sec*"-^ 

ft  sec"*^       sec 

eai. 

0.00 

5773 

8067         ii50, 

,5        1, 

.000 

1.40 

489     1.000 

4.08 

5804 

80v55          ^4L:, 

.5        0 

.95:^6 

1.38 

479     0.980 

7.84 

5699 

7i?^ki           ii46, 

►  0        0. 

»98iil 

1.39 

460     0.941 

14.54 

5467 

7648          -d37, 

,5        0, 

.948 

1.39 

419     0.857 

20.3^ 

5^83 

7351          2^&, 

,3        0. 

.911 

1.39 

371      0.759 

<i5.38 

5081 

7048          ^18, 

,9        0, 

.874 

1.39 

333     0.681 

TAfiLL  XII 

0?  Ll^UIij     AiadONIA    FOr.  H^0;>-NH3(l)-WiiH4   bYSTEM 
ii4i;^UkIN(i  Cu..oI,i:.T  CO^Pv^^iTIOM  FLOW  CONDITIONS 


(i) 

(^) 

i^)             (4) 

(W 

(6) 

(7) 

(b) 

WT> 

MCLnS 

Tc          Tc/Tc^ 

T, 

Te/%^        f 

I 

On 

^ 

(■  cii-^ 

0,00 

0.00 

^bLl       1.000 

X6d4 

1.000 

1.^8 

Ik;. 418 

4.08 

0.^5 

c;a04        O.Lf83 

1654 

0.U76 

l.*:3 

lb. 732 

7.84 

0.50 

^ti77        O.fciafe 

1553 

0.917 

1.19 

lo.OOl 

14,t>4 

i.OO 

4.076       0.85o 

16'^6 

0,767 

l.i; 

- 

16.710 

no.  6'^ 

1.60 

kiOd9       o.7;s6 

1138 

0.672 

1.07 

15.696 

t^ii^oQ 

-i.OO 

Ibd^        U.653 

977 

0.577 

l.OS 

14.901 

(^) 

(1^) 

(11)           U'^] 

1 

(15) 

(14) 

(15)    (16) 

WTJb 

ft  sec-1 

c                   I,p         1, 
ft  s«c*^       s&c 

p/Ifp° 

Cp 

h 
ml. 

h/h® 

0,00 

b77;5 

7b52          Jti4^, 

,8        1 

.000 

1.36 

460 

1.000 

4.08 

5804 

7;di6       ^5, 

.8        1 

.008 

1.36 

462 

1.004 

7.84 

5698 

7b76          *i44, 

,6        1 

•  003 

1.38 

458 

0.996 

14.54 

5487 

7637          bo7, 

►  2        0 

.96l 

1.39 

419 

0.911 

20.;^-^; 

i)*^b^ 

7o46          <i*;ti. 

,1      u 

.  tifoO 

1.39 

r71 

0.807 

iib.6Q 

50bl 

7048          ^18, 

.9        0 

.898 

1.39 

533 

0.724 

TABLE  XIII 

VARln'nOU  OF  PiilRFOKkArtCi:.  PaKal^TKR^  WITH  WKIGliT  Pk^  CENT 
OF  LlQUIi)  HYDKOGi:.H  FOR  HFIU-.%(l)-N2H4   SYciTKM 
kbsmim  E'^UlLIBiilUM  FLOW  COIIDITIOi.S 


(1) 

(^) 

(5) 

(4) 

(^) 

(6) 

(7) 

(8) 

WT> 

MOLES 

Xc          Tc/Tc'' 

^e 

Te/Te' 

'       f 

1 

^ 

<^ 

-3 
gm  cm 

0,00 

0.00 

^957        1 

.000 

^057 

1.000 

1.^8 

c;1.367 

0.90 

0.50 

^949        0 

.997 

1858 

0.9lid 

lai 

19.791 

1.78 

1.00 

<:856        0 

,^66 

1716 

0'.84^ 

0.96 

18.413 

id^eb 

1.50 

^746        0 

.9^9 

1593 

0.782 

0.88 

17.201 

5.51 

.2.00 

^eoii        0 

•  890 

1490 

0.731 

0.79 

16.153 

6.78 

4.00 

kJiifti9          o 

,754 

1179 

0'.57S 

0.59 

13.064 

15,46 

a. 00 

16b0        0 

.568 

816 

0.401 

0.40 

9.69S' 

kil,45 

15.00 

1184        0 

•  400 

543 

0.^76 

0.^7 

7.019 

(e) 

(10) 

(IX) 

(1^; 

i 

(13) 

(14)       (15)    (16) 

WT^ 

ft  sec" 

C                     Igp          Isp/Igp 

ft  sec"         sec 

Cp          h 
mi. 

h/h^ 

0.00 

5660 

7670 

ii44, 

A       I 

.000 

1.39     460 

1.000 

0.90 

5811 

80iiB 

k;49, 

,3       1 

•  0^0 

l.o6      468 

1.017 

1.79 

5844 

8107 

251, 

.8        1 

.030 

1.39     456 

0^996 

^.65 

5698 

8160 

ki53, 

A       1 

.057 

1.38     449 

0.976 

3.51 

5909 

8193 

^54, 

►4       1 

•  041 

1.59      436 

0.948 

6.78 

5958 

8245 

i^56< 

a     1 

,048 

1^38     386 

0.839 

13, 4e 

59;:.^7 

8179 

i;54, 

►  0        1 

,039 

1.58     C.13 

0.660 

.^1.4S 

'    5764 

7889 

ii4fc, 

,0        1 

•  002 

1.38     ^Id 

0.461 

A-U 
TkLU    AiV 
YAhlATION   0^  Plil/ORMAJICt  PAJtAkcThiio    filTh     r^IOiiT  Pi  P   CcUT 
OF  LIQUID  HYl>H00r.«  ?0h   RFKA-H£(l)-N;^,H4   SYSTEK 
AiibUMING  CONSTANT  CUMP06ITI0;;   /LOi*   C0huiTlLH8 


(1) 

i-^) 

(3)              (4) 

(5) 

(o) 

(7) 

(B) 

vrT> 

UOIJ^ 

Tc          Tc/Tc^ 

Ok 

T./T^' 

'        f 

T 

0,00 

0.00 

^957        1,000 

1703 

1.000 

1.2b 

^1.006 

0.90 

O.bO 

-d949        0.997 

16b6 

0.9i;6 

1.11 

19.614 

1.7b 

1.00 

^(856        0.966 

1619 

0.951 

0.96 

18.520 

...6b 

l.BO 

.-746        0.9;i9 

1540 

0.904 

0.66 

17.149 

;5.&i 

ii.OO 

<i^t>o;^        0.890 

1455 

0,81:4 

0.79 

16.128 

6.78 

4.00 

i^iiki        0.754 

1173 

u.bok^ 

0.59 

15.065 

15.46 

8.00 

1660        0.566 

616 

0.479 

0.40 

9.695 

'2l.AS> 

lb. 00 

1184        0.400 

b43 

0.319 

0.ii7 

7,019 

(9) 

(10) 

(U)           (1^)           (13) 

(14)      (15)    (16) 

WV 

c* 

0              I»p       l*j 

f>/Isp® 

Cf         h 

hA® 

ft  stc*^ 

ft    ••C*^          bCC 

■!• 

0.00 

bo  60 

76o8          ..^7, 

►  ^        1 

.000 

l.o5     457 

1.000 

0«90 

5611 

788<i           .,44, 

»8        1, 

,0a.6 

1.36     447 

i.oas 

1.79 

5644 

bOiiii           <:4.  , 

a     i. 

.046 

1.37     447 

1.0c5 

-:.6b 

5698 

80i^           ^bl, 

»4        1. 

»0b5 

1.37     441 

1.009 

b.M 

5909 

81bb          ^.5o, 

,3        1, 

,063 

1.38     430 

0.984 

0.78 

bb58 

8^44          ^56, 

.0        1, 

,075 

1.56     586 

0.865 

10.46 

bQ^'? 

6179          c54, 

,0        1. 

,066 

1.58     313 

0.716 

<il.^ 

b764 

7889           ^4b, 

►  0        1< 

,050 

1.58     ^Ik, 

0,465 

A-15 
TABUD  XV 
VAHlA^^ION   OF  PiilKFOnMAi^Ch  PAKAiiK^i^xiiiJi  WITH  WibXUHT  .?hn  Ci.KT 
OF  LIQUID  Sjmonih  FOK  RFNA-.NH5(l)-«N^K4  SYStm 
ASSUMING  BQUILIBRXU^  FLOW  CONDITIONS 


(1) 

0*00 
5.70 

7a3 

15  ♦SI 
X8.72 


(2) 
MOLES 

0.00 
0.^& 
0.50 
i.OO 
l.bO 
^.00 


(3) 

2957 

H783 
£479 

1948 


(4) 


1.000 
0.985 
0*941 
0.838 
0.74>i 
0.65k^ 


18ii5 
1648 
lo85 
1177 
lOQB 


(6)  if) 

gis  om 
1.000       1.H8 


•3 


0.895 
0,809 
0.680 
0.578 

0*495 


1.S4 
l.J^iO 
1*13 
1.08 
1.04 


(8) 
f 

iil.367 

iiO.584 
19.491 
17*995 
16.838 

15.9^3 


(9) 


0.00 

O.70 

7.13 

13.31 

18. 7^ 

183.49 


(10) 

ft  sec 

5660 
5703 
5587 
5418 
5206 
5018 


-1 


(11) 
C 

ft  3©C 

7B70 


7663 


7774 
7508 
7^/^8 

6958 


-1 


(1^) 

sec 

i;i44.4 

241.4 
^33. 2 
k^<L^4*5 
'^IB.l 


(13) 


lsp/l»p 


1*000 
0.9^^9 
0*968 
0.954 
0*919 
0.884 


(14)  (16)  (16) 

mi. 

1.39  460  1.000 

1*38  460  1*000 

1.39  441  0.959 

1.39  405  0,880 

1.59  358  0.778 

1*39  314  0.683 


A-16 

TABLc,  XVI 
VAhlATlON   OF  Pc.H?OrJUtfCx.  P.^Rn.-  ITii  WhIGiiT  PtM  CUiT 

Oy  LIvl>ii-'  AkMOJllA   .".x.   n.  .i^-iin3(i)-N^H4  SYSTEH 
A^^UMIhG  COMoTa]<T  COIftPOoXTIOh   KLOW  CONDITIONb 


(1) 

(i^) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

WT% 

MOLr^ 

Tc          Tc/Tc® 

% 

Tt/Te^       f 

I 

Ok 

On 

gffi  cm"* 

0.00 

0.00 

*:Ub7        1. 

.000 

1703 

1.000 

1.28 

bl.006 

5.70 

O.^b 

..913        0, 

,9b& 

1669 

0.998 

1.^4 

20 •216 

7.1'6 

0.60 

.765        0, 

.941 

157b 

0.i*.:7 

1.20 

li*.414 

13.;51 

1.00 

C.479        0, 

.838 

1363 

0.800 

1.13 

17,977 

ia.7ki 

1.50 

•13Z        0, 

.74^ 

1173 

0.6^9 

1.06 

16.840 

«i^.4U 

*-.00 

l94o         0, 

,6t>i) 

1008 

0.59;^ 

1.04 

16.9;^ 

0) 

(10) 

(11) 

(1-'] 

1 

(13) 

(14) 

(16)    (16) 

*n> 

€♦ 

• 

Isp 

Isp/Isp 

Cf 

h 

h/h® 

rt  sec"*^ 

ft  sec*         s#c 

t^i. 

0.00 

&660 

7667 

238, 

,1 

1,000 

1.36 

437 

1,000 

5.70 

b703 

7731 

<^40, 

a 

1.008 

1.36 

441 

1.009 

7.13 

5687 

7690 

^38, 

.6 

1.003 

1.58 

4&d 

0.c>69 

13.31 

5418 

7487 

232, 

,5 

0.^6 

1.36 

402 

0,920 

18.72 

5206 

Tk.09 

2:^, 

>9 

0.940 

1.38 

5tA 

0.610 

k:o.49 

5018 

6956 

^16, 

,1 

0,908 

1.39 

314 

0,719 

A-.17 


TABLE  XVII 


Variation  of  L(i    )  -^ita  Wr.iGHT  per  c,:M'r  of  uguii)  kydrogln 

FOB  E>^UILIBRIU^  FLOW  CONDITIONS 
Prapeli^mt  systems; 

0.      RFKA-H;.(1)-K^H4 


Wt*^  HgU) 

A 

0,00 

O.UOO 

,   i^*00 

0,108 

6.00 

0,<i56 

8,00 

0,3^0 

10,00 

0.386 

lii^QO 

0,440 

15,00 

0*&06 

^0,00 

a. 

Avera^j©  Krror     0,004 
Max,  Error  0,008 


B 

0.000 
0.110 
0,fcl40 
0.^14 
0.574 
0.4^8 
0.496 
0.580 

0.006 
0.008 


0.000 
0  41^:^4 
0,^:56 
0.3«i9 
0.388 
0,436 
0.b04 
0.587 

0,006 
0,010 


Average 
of  A,B^C 

0.000 

0.114 

0,<^44 

0.321 

0,382 

0,435 

0.502 

0.583 


iiirrors  cxrtj  Y^ith  respect  to  average  value  obtained 
by  averaging  ii/j     \   of  syste&s  A,   B,   and  C* 


A-40 
TABLL  XVIII 

Proptili«int  ^/stcaat 

A.      N..04-Hi,(l).»I^H4 

C.      KJ'NA-H^(i)-lli,H4 


Wt.l  H^(l) 

A 

I 

0 

AT^rag* 

of  A^BfldO 

D 

0,00 

0.000 

0.000 

0.000 

0.000 

0.000 

0,00 

0.114 

0.1v:>4 

0.144 

0.131 

U.1^4 

6.00 

O.kibO 

0.k^66 

o.^d:^; 

O.i.78 

0.^50 

8.00 

0,368 

0..54O 

0.356 

0..^b6 

0.31^ 

10.00 

0.4OO 

0.400 

0.416 

0.417 

Q.C^ 

1^.00 

0.4bO 

0.4Ud 

0.464 

0.469 

0.45£ 

lb. 00 

0.556 

o.bai; 

0.530 

0.536 

0«688 

iciO.OO 

• 

0.606 

0.614 

0.610 

0.630 

ATerage 

Lrro»0.015 

0.011 

0.005 

0.016 

lUX.    iJCTOT 

O.Oicil 

0.017 

0.013 

0,0a« 

Lrrors  are  with  ra^pect  to  aTerc^ge  Talus  o5tal] 
by  ayeraglu^  E(i^p)   oi    :^ys terns  A^  B  and  C. 

(a)      Data  Was  coBiputea  frotL  values  listed   in  Ref .  3, 
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TABLK  XIX 

Variation  of  e^^)  wiTh  'HEiQm  per  cent  of  ll^uii;  hydrogen 

?0K  EgUILIBRIUI^t  FLOrf  CONDITIOlt^'S 
Fropellant  Systems i 

B.  H202-H^(i)-N2H4 

C.  HFNA-H^(l) -1^^114 


Average 

B  C  of  A,B&C 

0.000  0.000  0.000 

O.O^id  0.052  0.038 

0.064  0.074  0.075 

0.088  0.060  0.067 

O.OiM  0.089  0.094 

0.095  0.096  0.099 

0.096  0.100  0.101 

0.080  0.066  0.075 


Average  Lrror     0.006  0.006  0.006 

Max,   Error  0.007  0.016  0.014 

Err.  rs  are  witiu  rts^pect  to  average  value  ob- 
tciined  by  fciveraging  E^j^j   of  systen^s  A,  B  ami  C» 


Wt.^  H^(l) 

A 

0.00 

0.000 

5.00 

0.040 

6.00 

0.080 

8.00 

0.094 

10.00 

0.100 

Iki.OO 

0.105 

15.00 

0.108 

iiO.OO 

«» 

A-1.0 


TABU.  XX 


VAi\lnTlON  0/  L(h)    lUITh  WiilGHT   PLH  ClUT  Q?  LIQUID  HY.  hOG-M 
FOfi  C0NCTAW7  COkPOSITIOi.   FLOW  C0HDITI0B8 

PropejJLiint  Syst^Dst 

A.  ll;i04.%(i)-K^H4 

B.  H^0i,.H^(l)-Mi,H4 

C.  RFNA-H;.(i)-II;^H4 


wt.;^  Ife(l) 

A 

0*00 

0,000 

3,00 

0.113 

6.00 

0.164 

8.00 

0.184 

10.00 

0.186 

Ui.OO 

o.isio 

15.00 

0.180 

20.00 

. 

ATcrage  tSTox     0.0;>.7 
Max.  Error  0.0<50 


B 

0.000 
0.060 
0.1»>0 
0.149 
0.15^ 
0.14ti 
0.144 
0.1^4 

0.009 
0.013 


c 

ATeragtt 

k,  h  k 

Of 

C 

0.000 

0.000 

0.086 

0.093 

0.116 

0.137 

0.1£8 

0.154 

0.136 

0.158 

0.143 

0.160 

0.140 

0.155 

0.106 

0.115 

O.OIT 

0,0^6 

Errors  are  with  respect  to  aTer&gu  r^lue  obtained 
by  averc^glng  ^{h)   ^^^  a/steus  A^   B  ana  C« 


A-rJl 


TABU^  XXI 


VARIATION   OF  ECT      \    WITH  WEI GhT  PER  CENT  OF  LIQUID  AMMONU 
FOR  Ew^miLiBiilUlH  t'hO^i  CONDITIONS 

Propellant  Systems j 

D.   H^04-NH;5{I)--N^H4 

F.   RFNA-NH3(1)-N^H4 


Wt,>  NH^Ci) 

D 

0^00 

0.000 

0*00 

O.Oli^ 

6.00 

O.OSi^ 

8,00 

0.044 

10.00 

0.060 

Xii.OO 

0.076 

15.00 

0.106 

20.00 

m 

Average  Error     0.007 
Max.  Krror  0.015 


0.000 
0.010 
O.OiiS 
0.044 
0.064 
O.ObB 
O.IHO 
0.17^ 

0*005 
O.OOS 


F 

0,000 
0.010 
COM 
0.056 
0.078 
0.100 
0.136 
0*190 

0.008 
0.015 


Average  of 

D,  E  &  F 

0.000 
0.011 
0.031 
0.048 
0.067 
0.089 
0.121 
0.181 


Errors  are  with  respect  to  average  value  obtalnea  by 
averaging  ^(Ig   )   for  sy steniS  D,   £  axui  ?. 


A-iiii 


TABLL  XXII 


VAHIATIOII  OF  i^(i      J    fflTH  WblOHT  PLK  GLUT  OF  LiQliliJ  AMUOHU 
KOn   OUiioT/vKT  CaiiPOi.ITIOI<   /W>W  COHi^ITIOHS 

Propeliant  SysteotSt 

i>.     W^04.hH^.(i)-N^H4 

F.      HiT<A-MH3(l).H;jH4 


Wt^Jb   NH3(1) 

D 

0,00 

0,000 

0,00 

O.OiiO 

6.00 

0.044 

8.00 

0.065 

iO.OO 

0.054 

lii.OO 

0.107 

15.  ou 

0.141 

no. 00 

« 

▲Terage  i:;rror     0.004 
Max.   hJrror  0.006 


X 
0.000 
0.0^0 
0.044 

0.064 

0.066 
O.UO 
0.144 
0.1d6 

O.OOd 
0.007 


F 

ATerac«  of 
D,  ^,   k  ? 

u.vjjOO 

0.000 

0.018 

0.019 

O.ObO 

C.046 

0.076 

0.066 

0.100 

0.090 

O.liiS 

0.113 

0.166 

0.147 

0.^^10 

O.'^OS 

0.007 

\>  .  V.  xO 


i:lrror23   aru  >rith  respect  to  ayeragd  Talue  obt;xiDed 
b/  averaging  ^(i.q)   ^^^   systsais  D,   h,  anc  F« 


A-ii3 


TABLE  XXIII 

VARIATION   Oi^"'  iii(h)   V^I^H  WKIGHT   Pi^Jt  CENT  OF   LIQUID  Ai^MONIA 
FOH  EQUIUBHIUM  FLOW  CONDITIONS 

Propellant  Systerjs: 

D,  H^04-K%(i).N^H4 

E,  H202-KH5(l)-Hi.H4 

F,  RFKA-.NH5(1)-N^H4 


>.%  NH5(1) 

D 

0.00 

0.000 

3.00 

Q^oi^ 

e.oo 

0.0^0 

8.00 

0.0^0 

10.00 

0.021 

1^»00 

0.0ii4 

15,00 

0»0i^8 

iiO.OO 

«» 

Average  Error  0.004 
Max.  Error     0.008 


S 

0.000 
0.000 
0.000 
0.003 
0.008 
0.016 
0.0*^ 
0.0E8 

0.009 
0,012 


F 

Average  of 
D,   E  k  T 

0.000 

0,000 

0.010 

0,007 

0.016 

0.012 

O.OkiS 

0.016 

0,032 

0#020 

0.040 

0.0  Ji7 

0.042 

0.031 

O.OSid 

0,030 

0*007 

0.013 

Errors  iire   with  respect  to  avexage  value  obtained  by- 
averaging  K(^)  for  systt5K3  D,  E,  ana  F, 


A-^ 


TABLli  XaIV 


YAhI..TION  OK  Hf^)    WITH  Wl:;iOHT   PLR  CLNT  07  LIQUID  AlOCONlA 
POit  CONiiT;.NT  COMPOblTIOM   I^LOW  C0MDITI0I8 


Propciiant  Sy  ii terns  t 

D,      N;^04-NH3(1).N^H4 


flt.%  NH3 

(1) 

D 

0.00 

u«000 

b«00 

0.0^8 

6,00 

0.060 

6,00 

0.076 

10.00 

0.068 

1^«00 

0.105 

15.00 

0.106 

;2o.oo 

• 

Average  Error  O.Ol^td 
Max.  Lrror     0.016 


B 
0.000 
0.016 
0.04;^ 
O.O&d 
0.070 
0.080 
0.060 
0.070 

0.007 
O.JiO 


F 

AT^rafe  of 

D«  B  and  r 

0.000 

0.000 

0.018 

o.o:ai 

O.Oi^ 

0.046 

0.060 

0.065 

o.or-i 

0.077 

0.060 

0.066 

0«064 

0.090 

0.064 

0.067 

o.oot 

0.008 

Errors  a^e  with  re^pect  to  ciTerage  Talue  ob- 
tained by  averaging  E(^)  for  systacs  D,  B  ana  F. 
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